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I 
This  thesis  is  concerned  with  various  aspects  of  the  behaviwir  of 
f 
purely  cohesive  ýoils  under  uplift-fore'es.  Previous  authors  have  pre- 
dicted  theoretically  the  ultimate  uplift  resistance  of  soils  possessing 
both  cohesion  and  internal  friction  by  assuming  various  shapes  of  rup- 
ture  surfaces  above  an  anchor  and  calculating  the  shearing  stresses  (.  >  cjý 
over  these  surfsces.  For  very  deep  anchors  in  which  surface  effects 
had  disappeared,  the  problem  was  treated  as  that  of  a  deep  foundation. 
The  various  theories  have  been  reduced  to  dimensionless  terms  by  the 
author  and  are  compared  and  discussed  for  purely  cohesive  soils. 
A  dimensional  analysis  of  the  problem  is  presented  and  the 
importance  of  the  various  factors  is  discussed.  The  effect  of  using 
the  same  soil  in  uplift  model  testing  as  in  the  prototype  is  discussed 
with  reference  to  Vesic's  (1963  and  1965)  theories.,  ý,  Limiting  values 
of  prototype  anchor  dimensions  and  soil  properties  which  can  be 
modelled  with  complete  dimensional  similarity  are  presented  in 
dimensionless  terms. 
Apparatus  was  constructed  to  enable  both  model  pushout  and  pullout 
tests  to  be  performed  using  either  load-controlled  or  displacement- 
controlled  loading.  The  load  on 
the 
anchor,  the  displa'cement  of  the 
anchor  and  the  surface  displacement  of  the  clay  sample  were  measured 
electronically.  This  apnaratus  was  modified  to  enable  the  sample  to 
be  split  open  after  the  test  to  examine  defo.  -maticns  and  cracking 
patterns  in  the  soil.  Uplift  resistance  tests  were  carried  out  on  two 
types  of  -very  soft  clays,  namely  mixtures  of  I)entonite  and  glycerine 
and  a  mixture  of  silty  clay  from  the  Grangemouth  area  and  Fayles 
Blue  clay.  The  uplift  samples  were  ccmpacted  by  hand. 
The  results  of  the  model  uplift  tests  indicated  three  categories 
of  anchor  depth  to  breadth  ratios,  namely  shallow  anchor  ratios, 
intermediate  depth  of  anchor  ratios  and  dcop  anchor  ratios.  A  mechanism 
1 of  general  type  failure  which  comprised  a  ccmbination  of  shear  and 
tensile  failure  and  tensile  cracking  of  the  soil  was  proposed  for  the 
shallow  anchor  ratios.  A  local  type  cf  failure  was  observed  to  occur 
at  the  deep  anchor  ratios  wbile  a  combination  of  local  and  general 
type  failure  occurred  at  the  intermediate  depth  ratios.  The  mcchanism 
of  ultimate  failure  in  tests  with  a  suction  effect  below  the  anchor 
plate  was  different  from  that  without  the  suction  effect.  ITo  signific- 
ant  difference  was  found  between  the  results  of  i),  allout  and  rushout 
tests.  Creep  in  the  bent.  onite  and  glycerine  samples  was  observed  in 
the  load-controlled  tests. 
The  values  of  ultimate  uplift  resistance  obtained  from  the  shallow 
anchor  model  tests  ranged  from  fifty  per  cent  to  sixty-five  per  cent 
of  those  predicted  by  Vesic's  theory.  The  values  predicted  by  Vesic's 
theory  in  the  deep  anchor  range  agreed  approximately  with  the  nodel 
tests.  The  results  from  model  tests  by  previous  authors  were  found 
to  be  in  generally  poor  agreement  with  each  other  and  with  the  results 
from  model  tests  by  the  author. 
A  finite  element  analysis  of  the  problem  was  developed  to 
investigate  primarily  the  magnitude  and  direction  of  the  various 
stresses  acting  in  the  soil  during  uplift  resistance  tests.  The 
analysis  was  an  axi-symmetric,  eldýtic-plastic  iterative  procedure  which 
employed  Von  Mises  yielding  criterion.  Three  basic  meshes  using 
rectangular  isoparametrig  elements  were-used  tQ--simqhLte  shallow, 
intermediate  and  deep  anchor  cases,  the  anchor  being  assumed  rigid 
at  all  times.  Each  mesh  comprised  approximately  tuo  hundred  elements. 
The  finite  element  analysis  could  only  predict  a  general  type  of 
failure,  regardless  of  the  depth  of  the  anchor,  could  only  be  used 
accurately  at  small  element  strains,  and  employed  a  linear  elastic 
non-strain  hardening  plastic  stress-strain  curve  as  an  apprcximation 
to  an  actual  soil  stress-strain  curve.  Within  these  limitations,  the 
analysis  predicted  the  order  of  plastic  yielding  of  the  elements  in 
2 the  mesh,  the  magnitude  and  direction  of  all  stresses  in  the  elements,  u 
the  nodal  displacements  of  each  element  and  the  relationship  between 
anchor  displacement  and  uplift  resistance. 
3 CllkPTER  ONE 
INTRODUCTION 
1.1.  General  Introdnetion 
In  recent  years  considerable  progress  has  been  achieved  in 
developing  methods  for  calculating  the  bearing  capacity  of  soils  and 
predicting  the  deformations  associated  with  different  types  of 
foundations  and  soils.  Howeverv  research  into  the  less  usual  problem 
of  the  uplift  resistance  capacity  of  soi3s  has  been  more  limited.  At 
present  there  exists  no  generally  accepted  theory  of  soil  uplift 
resistance  which  is  used  in  practical  design. 
The  uplift  resistance  problem  may  be  demonstrated  by  considering 
the  foundation  of  a  high  structure  subjected  to  strong  wind  forces 
(Fig.  1.1.  ).  This  structure  could  be  an  electricity  pylon,  a  radio 
or  television  mast  or  any  structure  which  must  resist  an  overturnin,,  a 
load.  The  tensile  forces  in  the  structure,  caused  by  the  eccentricity 
of  the  loading,  may  be  considerable  at  the  corner  posts.  The 
dimensions  of  the  footings  to  which  these  posts  are  anchored  must  be 
chosen  to  enable  the  soil  surrounding  the  footings  to  resist  this 
level'of  pull-out  force.  There  must  therefore  be  an  understanding  of 
the  mechanism  which  causes  ultimate  failure. 
Often  in  foundation  engineering,  the  limiting  design  criterion  is 
the  foundation  movement.  The  allowable  amount  of  movement  which  is 
caused  by  a  load  is  frequently  well  below  that  required  to  cause 
ultimate  failure.  For  high  masts,  the  upward  movement  of  footings 
below  the  corner  posts  will  tend  to  increase  the  eccentricity  of  the 
loading,  consequently  increasing  the  pull-out  load.  Predictions  of 
the  movement  of  these  footings  as  well  as  predictions  of  the  ultimate 
uplift  resistance  of  the  soil  are  therefore  important. 
Another  form  of  the  uplift  resistance  problem  also  exists.  At 
4 Sizewell  Nuclear  Power  Station  vertical  shafts  were  raised  from  the 
cooling  water  tunnels  below  the  sea  bed  by  jacking  the  closed  ends  of 
the  shafts  up  through  the  soil  to  sea  bed  level.  In  this  type  of 
operation  the  uplift  forces  experienced  by  the  soil  during  jacking 
are  of  a  similar  nature  to  those  above  a  high  mast  footing  resisting 
pull-out. 
In  mast  foundationst  a  large  factor  of  safety  is  normally 
incorporated  in  the  footing  design  and  this  may  disguise  any 
inaccurate  estimate  of  ultimate  uplift  resistance.  However,  the  final 
level  of  loading  applied  to  the  jack  in  shaft-raising  operations  will 
be  the  ultimate  uplift  resistance  of  the  soil.  An  accurate  assessment 
of  this  ultimate  uplift  resistance  in  these  situations  will  be 
required  to  ensure  the  most  economical  use  of  equipment. 
This  thesis  is  concerned  with  the  investigation  of  the  uplift  0 
resistance  problem  in  purely  cohesive  soils.  It  is  considered  that  a 
better  understanding  of  the  important  variables  in  the  problem  will  rj 
assist  engineers  in  the  future  design  of  uplift  resisting  foundations 
in  these  soils. 
1  1.2.  Scope  of  Thesis 
From  the  previous  literature,  a  review  of  uplift  resistance 
theories  for  soils  possessin.  g  both  friction  and  cohesion  is  presented. 
These  theories  are  compared  and  discussed  with  particular  reference  to 
purely  cohesive  soils.  The  results  of  the  better  documented  uplift 
resistance  laboratory  tests  in  purely  cohesive  soils  are  presented  and 
compared. 
In  order  to  examine  and  assess  the  factors  most  relevant  to  the 
problem,  a  dimensional  analysis  is  included.  By  placing  the  variables 
in  dimensionless  groups,  an  assessment  was  made  of  the  model  scaling 
effect. 
5 Model  uplift  resistance  tests,  using  rigid  anchor  plates,  were 
performed  in  the  laboratory  to  examine  (i)  the  load-displacement 
characteristics  of  purely  cohesive  soils  up  to  ultimte  load  and  (ii) 
the  failure  mechanism  at  this  load.  The  resulting  surface  and  internal 
deformations  and  cracking  of  the  soil  were  investigated. 
Because  of  the  complex  nature  of  the  stress  and  deformation  aspects 
of  the  problemt  a  finite  element  analysis  was  developed  to  examine 
primarily  the  distribution,  magnitude  and  direction  of  stresses  in  the 
soil  during  uplift  resistance  tests.  In  both  the  laboratory  model 
tests  and  the  finite  element  analysis,  the  important  factors  demon- 
strated  by  the  dimensional  analysis  were  varied. 
Finally,  the  results  from  the  laboratory  model  tests  and  from  the 
finite  element  analysis  are  discussed  and  conclusions  drawn. 
6 FIG.  1.1  TENSILE  FORCES  ON  FOOTINGS 
N%i CHAPTER  TWO 
RLVIEW  OF  LITERATURE 
2.1.  Introduction 
Over  the  past  fifteen  years,  various  authors  have  proposed 
theoretical  solutions  to  the  uplift  resistance  problem.  1111ost  of  the 
theories  have  been  derived  for  soils  possessing  both  friction  and 
.  cohesion.  Some  have  been  developed  for  anchors  at  all  depths,  some  for 
shallow  anchors  only  and  some  for  deep  anchors  only. 
A  shallow  anchor  may  be  defined  as  one  above  which  the  slip 
failure  surface  in  the  soil  reaches  to  ground  level  at  ultimate  load. 
A  more  general  definition,  which  is  more  suitable  for  purely  cohesive 
soils,  is  that  a  shallow  anchor  is  one  in  which  the  effect  of  the 
ground  surface  above  the  anchor  Plays  a  major  part  in  the  behaviour  of 
the  soil  under  uplift  pressure.  In  the  existing  shallow  anchor  theories 
the  shape  of  the  slip  failure  surface  is  an  assumed  shape,  and  in  most 
cases  the  ultimate  uplift  force  is  calculated  by  considering  the 
stresses  acting  over  this  surface.  No  movement  of  the  anchor  is  assumed 
before  ultimate  failure  occurs. 
A  deep  anchor  may  be  defined  a-s  one  whose  ultimate  load  is  not 
affected  by  the  ground  surface  boundary.  None  of  the  deep  anchor 
theories  assume  a  slip  failure  surface  extending  from  the  anchor  to 
ground  level. 
In  the  following  sections  on  existing  shallow  and  deep  anchor 
theories,  the  derivations  of  the  ultimate  uplift  force  for  round 
anchors  only  will  be  considered.  In  the  sections  which  summarise  and 
discuss  the  existing  theories,  soils  possessing  both  friction  and 
cohesion  will  be  consideredt  but  the  results  of  the  theories  will  be 
compared  for  purely  cohesive  soils  only. 
7 2.2.  Summary  of  Shallow  Anchor  Theories 
A.  Traditional  Approaches 
Earth  Cone  Theory  (Fig.  2.1.  ).  The  ultimate  uplift  load  is  taken 
to  be  equal  to  the  dead-weight  of  the  anchor  plus  the  v,,  eight  of  soil 
contained  in  the  truncated  cone  (with  apex  angle  20ý)  which  this  method 
assumes  will  be  formed  above  the  anchor  slab  when  failure  occurs: 
R=  Go  +  ý"5  (V 
I- 
VO)  (2,1) 
For  a  round  slab,  the  volume  of  earth  in  the  truncated  cone  is: 
V,  =  MD-  (B  2"  +2BD  tarx  cK  +  4:  D'tart:  zm 
4  15 
The  earth-load  angleocvariesq  depending  on  the  typo  of  soil  and  the 
C 
shape  of  the  foundation  and  can  only  be  found  approximately  by 
estimation. 
Earth  Pressure  Theory  (Fig.  2.2.  ).  The  ultimate  uplift  load  is 
taken  to  be  equal  to  the  dead-weight  of  the  anchor,  plus  the  weight  of 
the  soil  contained  in  the  cylinder  above  the  anchor  (and  with  diameter 
equal  to  the  anchor)  plus  the  vertical  component  of  the  limiting 
frictional  force  on  the  surface  of  this  cylinder,  (assumed  to  be  the 
slip  failure  surface).  The  lateral  earth  pressure  is  found  using  the 
value  of  the  earth  pressure  coefficient  at  rest,  Ko 
.R=  Gc,  +  VS  (V2  -  \ý)  +F 
where  the  cylindrical  volume  of  soil  is: 
V  ==  rý4  .  2- 
(B2  D) 
and  the  vertical  component  of  the  limiting  frictional  force  is: 
F=  1T/2  (K.  YS  B  D216,  rL  S)'....  (2--6) 
Shearing  Stress  Theory  (Fig.  2.2.  ).  This  is  similar  to  the  Earth 
Pressure  theory  except  that  the  term  representing  the  vertical  component 
of  limiting  frictional  force  on  the  assumed  cylindrical  slip  failure 
surface  is  replaced  by  a  term  which  represents  the  shear  force  acting 
on  this  surface: 
Go  +  e3  N,  -  VO) 
8 where  the  shear  force  on  the  cylindrical  slip  failure  surface  is: 
T=  Tr  c  BD  K  Y3  BD  2'  Vart  qS 
(2-7) 
B.  Balla's  (1961)  Theory  (Fig.  2-3-) 
Balla  assumes  that  the  slip  failure-surface  is  part  of  a  circular 
are,  tangential  to  the  edge  of  the  anchor  slab,  whose  centre  is  on  the 
same  horizontal  plane  as  the  top  of  the  slab.  He  derives  an  expression 
for  the  ultimate  uplift  load  for  a  round  anchorg  but,  owing  to  a  lack 
of  satisfactory  theory  for  the  axially-symmetric  stress  state,  he 
assumes  a  plane  stress  state.  Kotter's  equation  is  employed  to  find 
the  shear  resistance  along  the  circular  are  and  to  show  that  the  angle 
at  which  the  arc  cuts  the  surface  is: 
C<O 
Balla  derives  the  ultimate  uplift  resistance: 
IRG,  +6 
2-+ 
TV 
where  the  weight  of  the  breaking-out  soil  solid  of  revolution 
(including  the  anchor  shift  taken  as  soil) 
(D-t)S'1-  F  'S  I 
where  F  is  a  factor  depending  on  0  and  Xa  coefficient 
characteristic  of  the  anchor's  dimensions.  ý 
the  difference  in  weight  between  the  anchor  material  and 
2. 
the  soil  for  the  volume  of  the  anchor  shaft, 
the  vertical  component  of  shearing  over  the  slip  failure 
surface 
C 
=  (D-0 
3 
2L  32  !31( 
/93  (D  0  F-  +  F- 
where  F, 
_ 
and  F3  are  factors  depending  on  and 
C.  1-fariunollskii's  TYjeory  (Fig.  2-4-). 
Mariupollskii  considers  the  ultimate  uplift  load  to  be  equal  to 
'  the  weight  of  the  breakinig-out  the  deadweight  of  the  anchor,  plus  5 
solid  of  revolution  of  soil  above  the  anchor,  plus  the  cohesive 
9 and  friction  forces  over  the  sur'Lace  of  this  solid.  He  proposes  that 
after  the  friction  forces  along  the  vertical  cylindrical  surfaces 
around  the  anchor  have  been  increased  to  a  maximum,  failure  occurs 
in  tension  along  the  curved  generatrix  formed  at  the  base  of  these 
vertical  cylinders  (01  Fig.  2.4-)t  and  the  soil  within  these  cylinders 
separates  from  the  surrounding  nass.  He  derives  the  ultimate  uplift 
resistance: 
Go  +  G. 
3  +  YS  V3  +0  (z  170 
where  V,,,  =  the  volume  of  the  breaking-out  soil  solid  of  revolution, 
Gz  -  ilia  W  e,!  3kt  C:  6  1ýý  C.  ircLdar  ear#-L  column  above.  Ii-ie-  artcý%or, 
the  total  "cohesive"  force  over  the  failure  surface 
-ir  B  EcD  +  tam  o  (K  Y 
1)2  D 
3V 
-9 
Y2  +j  <5-r  cl  _z-  3 
0 
where  (5'r  designates  the  additional  radial  stresses  created  in  a 
cylindrical,  section  of  diameter  B  by  pressing  the  anchor  slabs  on  to 
the  overlying  earth  column.  er  is  determined  from  equations  of 
equilibrium.  Failure  in  tension  is  assumed  when  -Crz.  =  c5rtarLo 
A  complex  exponential  expression  is  obtained  for  L"r  . 
From  this, 
Mariupollskii  obtains  a  workable  expression  for  ultimate  uplift 
resistance  load: 
R,  -  Go4'  -%4-W-Eý  L  eB  D(I-  2-  K,,  far,  4c  D/[3 
where  n  is..  a  function  of  and  is  d-erived  from  laboratory  tests. 
D.  Vesic's  (1963  &  1965)  Theory  (Pig.  2-5-) 
Vesic's  solution  to  the  uplift  resistance  problem  is  an  adaptation 
of  his  expanding  sphere  theorem,  in  which  he  considers  the  effect  on 
the  soil  of  an  explosive  charge  placed  at  moderate  depth  beneath  the 
ground  surface.  His  basic  assumption  is  that  the  spherical  cavity 
expands,  and  at  a  limitin.  c  pressure  a  slip  failure'surface  forms  above 
the  cavity,  causing  yielding.  The  ultimate  uplift  resistance  is  thus 
derived  in  terms  of  the  limiting  pressure  insido  the  spherical  cavity. 
Vesio's  assumed  slip  failure  surface  is  similar  to  that  assumed  by 
10 , 
Balla,  with  a  circular  arc  tangential  to  the  expanded  cavity  meeting 
the  soil  surface  at  an  angle  of  7r/4.  -  c6/,,  .  An  equation  of  vertical 
epilibriurq,  using  expressions  derived  for  the  two-dimensional  case 
by  Brinch  Hansen  (1953)  yields: 
R= 
64-  +  G57  i-  Tcos  oc  -N  SirL  oc  .  ....  (2--  IS) 
where  T  and  N  were  taken  by  Vesic  from  Brinch  Hansen  and  are  functions 
of  95  and  cC  .G  41 
G.  and  cw-'  are  shown  in  Fig.  2  5.  The  ultimate  uplift 
resistance  load  is  equated  to  the  limiting  cavity  pressure  at  yield: 
F,  +  V_q  D  Fg, 
0+B  -1  2  C-1  D/B  t4  C2  (  D/B  )2  where:  F  /5  D 
and.  F,  2.  C3  D/  +4  C4  (  D/6  )  7-  -  B 
C  are  expressions  in  0  and  When  0,  -Fc  and  F$  reduce  to 
t-4- 
relatively  simple  terms.  Esquivel-Diaz  (1967)  adjusted  the  limiting 
cavity  pressure  for  breakthrough  to  the  uplift  resistance  of  soil  above 
anchors.  Instead  of  a  hollow  cavity  he  assumed  a  hemisphere  filled 
with  soil  which  exerted  a  pressure  on  the  anchor  slab  of  ý5,5  .  3 
The  ultimate  uplift  resistance  was  then: 
2. 
R=  -rr  8/,  EcF,,  +  i_q  D  Rý  +  ýt3  cl  *I 3 
E.  Matsuo's  (1967)  Theory  (Fig.  2.6.  -) 
klýtsuo  assumes  failure  to  occur  along  a  logarithmic  s  iral  slip  C,  0p 
failure  surface  with  equation: 
pe  (Zao) 
0 
which  is  tangential,  to  (at  A  in  Fig-2.6.  )  a  plane  slip  failure  surface 
which  meets  the  ground  surface  at  an  angle  7r/4.  -  0/. 
.  The  critical 
sliding  surface  is  the  one  which  results  in  the  minimum  pressure  on 
the  anchor.  This  pressure  is  found  by  taking  moments  about  C),, 
U 
Hatsuo  derives  the  ultimate  uplift  resistance  load: 
R-5  +Y!  3V  +T  04V 
where  V4-  =ztho  volume  of  soil  in  the  bteaking-out  solid  of  revolution, 
and  Tvl=  the  vertical  component 
'of 
the  resultant  shearing  resistance 
acting  on  the  slip  failure  surface.  - 
11 The  ultimate  shearing  resistance  is  found  by  deriving  a  differential 
equation  equivalent  to  Kotter's,  but  with  a  different  co-ordinate 
system  and  is  the  resultant  of  both  shearing  forces  and  normal  forces 
on  the  slip  failure  surface.  (Balia  considers  only  the  shearing 
.., 
the  slip  failure  surface).  From  tests  clay  forces  which  act  along  in  s 
Matsuo  found  that  the  angle  0.  varied  between  35  and  45  degrees  and  he 
assumed  it  to  be  40  degrees  for  ease  of  calculation.  He  also  observed  C) 
from  his  shallow  anchor  tests  in  clays  that  ultimate  uplift  resistance 
was  mobilised  when  tension  cracks  in  the  clay,  extendin(g.  downwards 
from  the  ground  surfaceg  reached  the  slip  failure  surface.  He 
adjusted  the  volume  V  in  his  calculations  to  allow  for  this.  The 
4- 
eventual  value  derived  for  the  ultimate  uplift  resistance  load  in 
soils  possessing  both  cohesion  and  friction  was: 
R  60+  e3  (  Bx 
:SKI-V,  )  +  r-  E),  K21 
where  V  the  volume  of  the  foundation  below  the  ground  surface,  S 
K,  =  7r1(o--0(oý1F,  '+o-F'+cLbý  I+  b  F4'+F5')  +  b] 
=  7r  (cL-  0  (o-  F'+F).......  (2-24) 
6 
C)-  ý  xcl/B 
2. 
b=D,  /B2.  (2-26) 
are  factors  depending  on  and  X,  -,  B2_andD 
0  are 
E;  hown  in  Fig.  2.6. 
F.  Meyerhof  and  Adams's  g.  2 
__(1968) 
Theory  (Fig 
-7-) 
Meyerhof  and  Adams  have  developed  an  approximate  general  theory 
of  uplift  resistance  in  soil  based  on  theoretical  considerations  and 
experimental  observations.  They  propose  a  curved  slip  failure  surface 
with  the  cohesive  force  and  friction  force  at  failure  having  assumed 
average  inclinations  with  the  vertical.  However,  becra.  use  of  the 
absence  of  a  rigorous  theory  to  predict  the  stresses  on  the  curved 
rupture  surface,  Meyerhof  and  Adams  proceed  by  assuming  a  vertical  slip 
failure  surface,  as  in  the  Shearing  Theory  (2.2.  A).  From  the  results  of 
f 
12 trial  calculations  they  assume: 
(2-2-7) 
where  is  the  inclination  of  the  total  passive  earth  pressure  to  the 
horizontal.  For  a  circular  anchorp  Meyerhof  and  Adams  derive  the 
ultimate  uplift  resistance  load: 
Go  +  G6  +  7'r  c  BD  +  Tr/2_,  S  b'B  BD  2Ku  tam  0  -'  -  (2. 
-aO 
where  66  is  the  weight  of  the  soil  in  the  breaking-out  cylinderg 
Ku  =  Kpv  tor,  0... 
I.  1.  ...  (I.  2q) 
where  KPyis  the  vertical  component  of  the  coefficient  of  passive 
earth  pressure  Kp  and, 
Kqv=  Kp  tart  S  (2-30) 
is  the  shape  factor  governing  the  value  of  the  passive  earth 
pressure  on  a  convex  cylindrical  wall: 
,S+mD,  YB 
where  ra  is  a  coefficient  depending  on  00- 
2-3-  Summary  of  Deep  Anchor  Theories. 
Mariupollskii's  (1965)  Theory  (Fig.  2.8.  ) 
Plariupollskii  proposes  that  when  deep  anchors  reach  the  maximum 
or  limiting  uplift  resistance  load,  a  conical  wedgeq  which  has  been 
Cl 
formed  immediately  above,  the  anchorg  forces  the  soil  above  it  apart 
and  to  the  sides.,  allowing  the  ahchor  to  move  upwards  under  constant 
load.  He  found  from  tests  that  the  apex  angle  2oc  of  the  cone  was 
approximately  90  degrees.  Ilariupollskii  derives  an  equation  relating 
approximately  the  work  done  in  withdrawing  the  circular  anchor  a 
height  51to  the  work  done  in  expanding  a  cylindrical  cavity  of 
height  %S'from  its  original  diameter  B.  to  B  (Fig.  2.8.  ).  He  takes 
into  account  the  "useless"  work  expended  to  overcome  friction  between 
the  surface  of  the  conical  wedge  and  the  soil  which  surrounds  itv 
CD 
13 and  obtains: 
R  Go  +  pp 
p  where  P  crr  33) 
4(I-  0-5-  tom  0) 
and  0r  is  the  radial  pressure.  He  assumes  that  the  soil  is  in  plastic 
equilibrium  within  a  certain  radius  and  in  elastic  equilibrium  beyond 
this  radius.  Dlariupollskii  finds  the  value  of  the  radius  of  the 
elasto-plastic  boundary  and  the  radial  stresses  on  the  boundary  in 
terms  of  1C  and  rnv  (the  coefficient  of  volume  compress- 
ibility  due  to  consolidation).  Because  of  its  size  and  complexity 
this  expression  is  not  included  here. 
B.  Vesic's  (1963  &  1965)  Theory  (Fig.  2.9.  ) 
Vesic  bases  his  solution  for  a  deep  circular  anchor  on  the 
amount  of  pressure  required  to'expand  a  point  charge  within  an 
infinite,  homogeneous,  isotropic  mass  of  soil.  The  point  charge 
expands,  forming'an  expanding  spherical  cavity,  expanding.  to  radius 
Ru  (Fig.  2.9.  ).  Around  this  cavity  a  compressible  plastic  zone  is 
formed  which  compresses  and  displaces  the  elastic  zone  outside  the 
plastic  zone  such  that  the  volume  increase  at  the  limit  of  the  plastic 
zone  is  equal  to  the  volume  increase  of  the  original  cavity.  The 
radial  stress  at  any  point  in  the  -plastic  zone  is  obtained  by  solving 
the  differential  equations  of  equilibrium  and  the  equations  for  the 
conditions  of  rapture  to  obtain  an  expression  for  the  radial  stress 
0-,  at  any  radius  r  in  terms  of  r.  Rv  c  and  the  ultimate  cavity 
pressure  The  volume  change  of  the  cavity  is  equated  to  the 
volume  change  of  the  elastic  plus  plastic  zones  in  an  expression 
I 
involving  u.,  the  radial  movement  at  the  elastic-plastic  boundary  0 
(Fig.  2.9.  ).  This  expression  is  combined  with  the  equation  for  radial 
,  stress  at  the  boundary  of  the  plastic  zone,  giving  a  relationship 
between  the  expanded  cavity  radius  R.  and  the  radius  of  the  plastic 
zone  RP  in  terms  of  the  soil  parameters  E  (the  e.  ffective overburden  pressure),  A  (the  plastic  volume  change)f  and  ýu' 
*  Vesic 
use.  s  the  equilibrium  of  stress  ccnditions  at  the  plastic  boundary  to 
obtain,  from  his  relationship  between  R,,  and  Rp 
,  an  expression  for  the 
ultimate  cavity  pressure: 
Fr  +F 
(Z.  34-) 
where  FI+  sin- 
30 
r" 
(Z. 
-5ý5) 
Sim  +  T-r-A  II 
and  Fc.  1)  cot 
E  (2--37)  Ir 
I/  )(C  -torLo 
and  is  called  the  soil  rigidity  indexq  being  the  ratio  of  the  soil 
rigidity  to  its  initial  shear  strength.  When  0,  F?  becomes  eaual 
to  unity. 
Ali  (1968)  adjusted  the  limiting  cavity  pressure  to  the  ultimate 
uplift  pressure  above  a  deep  anchor  and  assumed: 
C+C 
(2-38)  R4U 
where  C'is  the  vertical  component  of  the  cohesive  force  acting  along  t: 
the  surface  of  the  conical  wedge  of  soil  which  Ali  assumed  to  be 
Cý 
formed  above  the  anchor. 
Cý  13 
4- 
and  m,  3'E 
c(Ft  1)  +  FS 
4  C- 
(2.  Zf) 
(2-40) 
C.  Meyerhof  and  Adams's  (1968)  Theory  (Fig.  2.7.  ) 
For  the  casd  of  a  deep  anchorl  Meyerhof  and  Adams  assume  that  the 
slip  failure  surface  does  not  extend  to  the  surface  (Fig.  2-7.  ).  The 
extent  of  local  shear  failure  is  included  in  the  analysis  by  limiting 
the  vertical  height  H  of  the  slip  failure  surface  and  utilising  the 
surcharge  pressure  above  the  level  of  the  failure  surface.  From 
experimental  observations,  they  predict  the  value  of  H  as  a  function 
of  O-and  13 
.  For  deep  circular  anchorsq  the  ultimate  uplift  resistance 
load  is: 
15 R  ==  Go+  G7+  7r  cBH+  W/, 
2,  - 
S  -Y.  9  13  (2  D-H)H  T-ckm  (2-4  1) 
where  G7is  the  weight  of  the  soil  above  the  footing.  Meyerhof  and 
Adams  argue  that  at  a  certain  depth  there  will  be  a  limiting  value 
of  R,  equal  to  that  given  by  the  bearing  capacity  of  the  footing 
ID  - 
under  downward  load.  Thus,  for  purely  cohesive  soils,  the  ultimate 
uplift  resistance  load  becomes: 
Go  +G7  +-  -rr  B  'c  Nu  (2..  42) 
lb  4- 
The  limiting  value  of  NLk  is  taken  as  the  theoretical  bearing  capacity 
coefficient  Ncý,  as  defined  by  Meyerhof  (1951)  in  an  earlier  paper. 
For  a  rough  anchor  at  a  I/B  value  of  greater  than  1.7  in  a  perfectly 
rigid  soil,  Meyerhof  calculated  that  Ncqr  =  9.34.  By  using  the 
equation  for  the  limiting  internal  pressure  in  a  sphere,  derivcd  by 
Bishop,  Hill  and  Mott  (194'5)t  Meyerhof'calculated  that  the  Ncj,  value 
for  a  highly  compressible  material  would  be  reduced  to  approximately 
7.0. 
2-4-  Uni-"ial  Pinite  Element  Analysis  by  Ashbee  (1969). 
For  his  finite  element  analysist  Ashbee  adopts  a  uni-axial.  model 
which  is  defined  as  one  where  all  movements  and  forces  in  the  soil  are 
in  a  direction  parallel  to  the  direction  of  the  shaft  movement. 
Thereforet  the  model  assumes  that  there  are  no  radial  movements  or 
forces  in  the  soil.  Since  soils  possessing  friction  experience  an 
increase  in  shear  strength  in  the  vertical  plane  when  there  is  an 
increase  in  radial-pressure,  the  uni-axial  model  cannot  be  correctly 
applied  to  them.  Similarly  problems  involving  the  non-vertical  plastic 
flow  of  material  cannot  use  this  model. 
The  soil  structure  is  divided  into  an  equivalent  link  network, 
clearly  differentiating  between  the  effects  of  compression  and  tension 
and  shear.  Ashbee  assumes  a  linear,  elastic  non-strain  hardening  plastic 
soil  stress-strain  relationship  with  different  elastic  moduli  for 
16 tension  and  compression,  and  degradation  of  shear  strength  to  a 
residual  value  after  the  maximum  shear  strength  has  been  reached.  An 
examination  by  Ashbee  of  the  load-deflection  relationship  for  a  shafted 
anchor  being  pulled  out  of  the  soil  showed  that  the  yield  points  at 
the  various  parts  of  the  soil  network  occurred  at  different  load 
levels,  e.  g.  at  peak  load  only  20j46  of  the  possible  soil  pressures  on 
some  parts  of  the  anchor  slab  were  being  utilised  and  almost  half  of 
the  shaft-interface  elements  were  in  residual  shear. 
2-5.  Discussion  and  Comnarisons  of  Foregoing  Procedures. 
A.  Introduction 
For  each  shallow  and  deep  anchor  theory  presented  in  soctions  2.2 
and  2.3,  a  corresponding  expression  for  ultimate  uplift  resistance  load 
was  included.  In  the  shallow  anchor  theories,  this  load  was  a  function 
of  the  cohesion  of  the  soil  CI  the  internal  angle  of  friction  of 
the  soil  0,  the  unit  weight  of  the  soil  Y(3  9  the  diameter  of  the 
anchor  and  its  depth  of  placement.  In  the  deep  anchor  theoriesq  the 
elastic  modulus  E,  the  Poisson's  ratio..  v  ,  the  plastic  volume  change 
A  and  the  compressibility  rnv  of  the  soil  were  also  shown  to  affect 
the  ullimate  uplift  resistance.  - 
A  direct  comparison  of  the  theories  expressed  in  terms  of  the 
ultimate  resistance  load  is  complicated  by  the  fact  that  in  different 
theories,  parameters  such  as  soil  cohesion  and  unit  weight  have  varying 
importance  in  their  effect  on  the  ultimate  uplift  resistance.  It  is 
therefore  difficult  to  decide  the  values  of  cohesion  and  unit  weight 
which  should  be  chosen  for  comparative  purposes.  This  difficulty  is 
overcome  if  the  uplift  resistance  is  expressed  in  dimensionless  terms 
as  a  function  of  c,  95  9  I(S  etc.  Chapter  3  presents  a  complete 
dimensional  analysis  of  the  problemv  and  demonstrates  that  for  all 
the  existing  shallow  anchor  theories,  the  ultimate  uplift  resistance 
17 can  be  expressed  as  the  dimensionless  ratio 
PLx/YgD 
-  Soil  cohesion 
can  be  expressed  in  a  similar  dimensionless  group  '1V_qD  and  the  depth 
D 
and  breadth  of  the  anchor  related  by  the  ratio  /B 
.  The  internal 
angle  of  friction  0  -is  a  dimcnsionless  parameter,  Table  2.1  gives 
equations  of  P,,  /YSD  for  the  existing  shallow  anchor  theories  for  soils 
possessing  both  friction  and  cohesion.  Since  the  present  investigation 
is  concerned  Primarily  with  purely-cohesive  soils,  equations  for  PU/YjD 
for  soils  where  0  are  included. 
In  the  existing  deep  anchor  theories,  the  additional  parameters 
taken  into  account  in  ultimate  uplift  resistance  calculations  can  also 
be  considered  dimensionally.  In  Vesic's  deep  anchor  theoryp  the 
rigidity  index  Ir  is  a  dimensionless  group.  The  plastic  volume  change 
expression  A  is  a  ratio'in  terms*of  the  original  volume  and  is 
dimensionless.  In  Mariupollskii's  deep  anchor  theoryv  the  soil 
compressibility  is  expressed  as  a  dimensionless  group  W,  a  function  of 
the  inverse  of  compressibility.  Meyerhof  and  Adams  use  the  dimension- 
less  uplift  coefficient  N.,  in  their  deep  anchor  theory.  Table  2.2 
gives  equations  of  KlYS  D  for  deep  anchor  theories  for  soils  possess- 
ing  both  friction  and  cohesion  and  also  for  purely  cohesive  soils. 
In  order  to.  obtain  a  general  comparison  between  the  various 
existing  theories  (both  shallow  and  deep),  the  radius  of  the  anchor 
shaft  and  the  thickness  of  the  slab  are  assumed  to  be  negligibly  small.  U 
B.  Dis6ussion  of  Existing  Shallow  Anchor  T Theories 
For  soils  -nossessing  cohesion  and  friction.  The  Earth  Cone 
Theory  (2.2.  A)  may  be  discounted  since  it  has  no  basis  in  soil 
mechanics  theory,  taking  account  of  neither  soil  cohesion  nor  internal 
friction.  The  Earth  Pressure  Theory  (2.2.  A)  is  based  on  the  earth 
pressure  theory  of  soil  mechanics,  but,  like  the  Earth  Cone  Theoryo 
ignores  both  soil  cohesion  and  internal  friction. 
The  Shearing  Theory  (2.2.  A)  includes  both  cohesion  and  friction. The  main  weakness  of  this  theory  with  respect  to  soils  which  possess 
internal  friction  is  the  simplifying  assumption  of  a  vertical  slip 
failure  surface.  The  shear  strength  of  a  soil  possessing  internal 
friction  increases  with  increasing  normal  stress  (according  to  the 
Coulomb-Mohr  equation).  It  may  thereforo  be  expected  that  the  soil 
outside  the  region  immediately  above  the  anchor  would  possess  less  shear 
strengthq  thereby  encouraging  the  formation  of  a  non-vertical  slip 
failure  surface. 
Balla  (2.2.  B.  )  was  the  first  to  select  a  curved  slip  failure 
surface  and  to  analyse  the  shear  stresses  developed  over  it.  However, 
the  numerical  values  of  the  factors  F..  and  F.  in  his  paper  appear  to 
be  incorrect,  according  to  Vesic  (1969).  He  also  uses  the  vertical 
component  of  the  shearing  stress  only  and  takes  no  account  of  the 
normal  stresses  which  act  on  the  slip  failure  surface.  It  has  been 
shown  by  Sutherland  (1965)  that  the  slip  failure  surfaces  calculated 
from  Balla's  proposals  for  very  loose  sand  and  very  dense  'Sand  differ 
only  fractionally,  giving  similar  uplift  resistance.  values. 
Mariupollskii  (2.2.  C)  adopts  an  unconventional  approach  to  the 
problem.  He  argues  thatt  as  the  anchor  moves  upwards  and  compresses 
the  soilq  the  frictional  forces  in  the  vertical  cylinders  of  soil 
around  the  anchor  increase  and  faifu-re  occurs  in  tension  ovcr  a 
surface  below  this  soil.  Forms  of  the  Earth  Pressure  Theory  (2.2.  A) 
and  the  Shearing  Theory  (2.2.  A)  are  used  to  calculate  the  shear  forces 
developed  in  the  cylinders.  However,  the  assumption  that  separation 
in  tension  occurs  when  the  shear  force  equals  e,  tQr-L  0  seems  to  be 
arbitrarily  founded.  The  parameter  ri  in  Mariupollskii's  equation  for 
ultimate  uplift  resistance  appears  to  have  been  derived  from  experiment- 
al  results.  This  rcduces  the  theoretical  value  of  the  procedure. 
Vesicla  expanding  sphere  theory  (2.2.  D)  assumes  a  circular  slip 
failure  surface  similar  to  that  assumed  by  Balla,  but  takes  into 
account  both  the  normal  and  shear  components  of  stress  on  the  slip 
19 failure  surface.  The  adaptation  of  the  expanding  cavity  theory 
by  Esquivel-Diaz  (1967)  to  that  of  the  pullcut  problem  by  adding  the 
pressure  due  to  the  weight  of  soil  contained  in  the  hemi-spberical 
cavity-above  the  anchor  cannot  be  applied  accurately  to  problems  with 
anchor  depth  to  breadth  ratios  ()/B)  of  less  than  0.5. 
Matsuo  (2.2.  E),  like  Vesic,  includes  the  normal  stresses  on  the 
slip  failure  surface  in  his  calculation  of  ultimate  uplift  resistance. 
Like  Balla  and  Vesic,  he  encountered  difficulties  in  trying  to  extend 
Kotter's  equation,  derived  for  the  two-dimensional  case,  to  the  three 
dimensional  case  of  axial  symmetry.  Ile  was  forced  to  extend  his  plane 
strain  assumptions  of  stress  distribution  and  slip  failure  surface 
shape  to  the  circular  anchor  case. 
Meyerhof  and  Adams  (2.2.  F)  initially  assume  a  curved  slip  failure 
surface.  However,  recognising  the  difficulty  found  by  previous  authors 
of  analysing  stresses  on  a  curved  surface  in  three  dimensions,  they 
finally  assume  the  slip  failuro  surface  to  be  a  cylinder  (with  diameter 
equal  to  the  anchor),  and  introduce  into  the  calculation  certain 
factors  which  were  derived  from  experimental  observations.  Their 
expression  for  ultimate  uplift  resistance  is  therefore  partly  theore- 
tical  and  partly  empirical. 
Discussion  of  Existing  Shallow  Anchor  Theories  for  Purely  Cohesive 
Soils'.  When  internal  friction  is  removed  from  the  calculation  of 
ultimate  uplift  rpsistance,  many  of  the  shallow  anchor  theories  are 
considerably  simplified. 
The  Shearing  theory,  Mariupollskii's  theory  and  Neyerhof  and 
Adams's  theory  all  reduce  to  the  same  expression.  In  the  latter  two 
theories,  the  important  assumptions  which  differentiated  them  were 
made  only  for  materials  possessing  internal  friction  and  do  not  affect  0 
the  calculation  for  purely  cohesive  soils.  These  three  theories  will 
be  referred  to  as  the  Shearing  theory  when  dealing  with  purely  cohesive 
20 soils. 
When  0=0,  the  logarithmic  spiral  section  of  the  slip  failure  I 
surface  (eq.  2.20)  assumed  by  Matsuo  becomes  circular.  Howeverv  whereas 
both  Balla  and  Vesic  assume  that  the  circular  slip  failure  surface 
extends  to  ground-level,  Matsuo  bases  his  theory  on  the  assumption 
that  the  circular  slip  failure  surface  becomes  a  plane  slip  failure 
surface  before  reaching  this  level  (Fig.  2.6.  ). 
C.  Comparison  of'Eýcisting  Shallow  Anchor  Theories  for 
Purely  Cohesive  Soils 
Fig.  2.10  shows  the  shallow  anchor  theories  (excluding  the  Earth 
Cone  and  Earth  Pressure  theories)  drawn  on  a  dimensionless  graph  of 
k,  lYBD  Y  D/B  for  two  typical  values  of  CAqD 
. 
(Chapter  3  discusses 
typical  values  of  O/YqD  for  prototype  and  model  anchors  and  soils). 
The,  internal  angle  of  friction  is  not  included  since,  only  purely  co- 
hesive  soils  are  being  considered.  These  theories  give  well-conditioned 
curves  for  Pu/yD  V  D/  B  for  f  ixed  values  of  "A3  D,  -  The  value  of 
Puh3D 
must  be  treated  in  the  limit  as 
I)YB--IPO 
since  when  D/B  =0 
then  D=  Oland  k4/YqD  becomes  meaningless.  Only  the  Shearing  theory 
gives  a  linear  plot  of  kw/ý 
'3D 
V  D/B 
.  The  other  theories  give  concave 
upwards  curves,  because  of  the  non-linear  relationship  between  depth 
and  ultimate  uplift  resistance  inherent  in  the  assumption  of  a  curved 
slip  failure  surface.  However,  the  values  of  D  for  all  of  the 
theories  are  linearly  related  to  the  values  of  for  a  constant 
D/a 
value  (Fig.  2*.  11),  since  the  form  of  all  of  the  theories  considered 
is: 
y  [))  Y......  (2.43) 
DX+C  cA  kkh 
3 
where  X  and  Y  are  constants  for  fixed  D/B 
values. 
Fig.  2.10  illustrates  that  Balla's  theory  gives  considerably 
higher  values  for  ý"IYD  than  the  other  theories,  whose  values  are 
in  relatively  good  agreement.  These  higher  values  appear  to  be  due  to 
his  failure  to  include  the  normal  reaction  forces  along  the  slip 
21 ,  failure  surface  and  his  incorrect  values  for  factor  F.  The  small  z 
difference  between  Vesic's  and  Matsuo's  values  of  P-/ý,  D  result 
from  their  slightly  different  assumptions  of  slip  failure  surface.  As 
D/B  increases,.  these  values  of 
PL,  /yD  start  to  diverge  from  those 
predicted  by  the  Shearing  theory.  However,  as  will  be  seen  from  the 
discussion  of  deep  anchor  procedures  and  from  experimental  results 
obtained  by  the  author  (chapters  4  and  5),  values  of 
DIB 
above 
approximately  2.0  cannot  be  considered  to  be  strictly  in  the  shallow 
range, 
D.  Discussion  of  Existing  Deep  Anchor  Theories  and 
Ashbee's  Finite  Element  Analysis 
Mariupollskii  (2-3.  A)  equates  the  work  involved  in  lifting  a  deep 
anchor  by  a  certain  amount  to  the  work  required  to  move  the  soil  enough 
to  enable  the  anchor  to  pass  through.  His  assumptions  of  equilibrium 
and  the  continuity  of  the  elastic  and  plastic  states  on  the  elastic- 
plastic  boundary  enable,  him  to  derive  expressions  for  the  radial  stress 
on  that  boundary  and  eventually  to  calculate  the  ultimate  uplift  re- 
sistance  of  the  soil.  However,  his  method  for  obtaining  these  express- 
ions  is  not  clearly  demonstrated  and  he  appears  to  include  in  them 
parameters  not  previously  mentioned  in  his  paper.  one  of  these  para- 
meters  is  the  volume  compressibilily  of  the  soil.  No  explanation  for 
the  inclusion  of  this  parameter  is  given,  although  the  assumed  lateral 
expansion  of  the  soil  must  depend  to  an  extent  on  this  compressibility. 
The  volume  compressibility  factor  implies  consideration  of  the  long 
term  behaviour  of  clays  under  load.  Although  Mariupollskii  assumes  the 
problem  to  be  elastic-plastic,  the  expressions  derived  for  radial  stress 
and  ultimate  uplift  resistance  in  the  soil  contain  terms  for  neither 
the  modulus  of  elasticity  nor  Poisson's  ratio. 
Vesic's  (2-3.  B)  solution  for  a  sphere  expanding  under  pressure 
from  an  explosive  charge  assumes  that  at  ultimate  cavity  pressure  Pur- 
a  plastic  zone  around  the  sphere  is  formed  and  a  volume  change  takes 
22 place  in  this  zone  along  with  a  volume  change  in  the  elastic  region 
outside  the  zone  such  that  the  pressure  remains  at  Pur 
.  The  ultimate 
radius,  of  the  cavity  will-depend  on  the  magnitude  of  the  explosive 
charge.  When  a  deep  anchor  is  substituted  for  an  expanding  sphere,  the 
radius  of  the  anchor  becomes  the  ultimate  cavity  radius.  Puc  is  then 
the  uplift  pressure  at  which  sufficient  volume  change  takes  place  in 
the  plastic  and  elastic  zones  to  allow  the  anchor  to  move,  with  no 
subsequent  increase  in  If  the  uplift  pressure  is  below  P.,  the 
zones  will  not  expand  enough  to  let  the  anchor  through  and  the  pushout 
or  pullout  load  can  continue  to  increase  until  Puc  is  reached. 
Vesic's  expanding  sphere  solution  for  a  95  =0  material  (with 
., 
e  in  the  plastic  region)  agrees  with  that  obtained  by  no  volume  chang 
Biship,  Hill  and  Mott  (1945)  for  the  indentation  of  a  frictionless 
material  by  a  spherical  indenting  tool.  Vesic  subsequently  improves  C> 
this  solution  by  making  an  allowance  for  the  effect  of  volume  change  in 
the  plastic  zone.  The  rigidity  index: 
I-E  (2. 
-  L7  ck..  ) 
(I+L))  C 
for  purely  cohesive  soils  is  fundamentally  a  measure  of  the  amount  of 
strain  which  can  be  sustained  by  a  clay  before  the  onset  of  plasticity. 
Vesic  tabulates  values  which  he  considers  to  be  typical  of  Ir  for  claysq 
ranging  from  1  2-0  f  Or  sof  t  clays  to  I.  -  ý5  00  for  stiff  clays.  These 
values  of  rigidity  index  imply  that  soft  clays  may  deform  as  much  as 
twenty  five  times  more  than  stiff  clays  before  plastic  yielding  occurs. 
However,  with  many  types  of  soft  clay,  e.  g.  sensitive  clays,  plastic 
yielding  commences  at  small  strains,  and  the  assumption  of  a  general 
relationship  between  soil  strength  and  rigidity  index  does  not  appear 
to  be  valid. 
The  uplift  resistance  problem  for  a  deep  anchor  would  not  appear 
I 
to  be  completely  analagous  to  the  expanding  sphere  problem.  In  the  U 
author's  opinion,  it  would  be  better  compared  to  the  problem  of  a 
23 charge  expanding  a  hemisphere  with  a  rigid  boundary  as  its  diametert 
this  boundary  being  equivalent  to  the  circular  anchor  plate  (see  Fig. 
2.12.  ).  However,  a  hemisphere  lacks  the  complete  symmetry  of  a  sphere 
and  a  preliminary  investigation  by  the  author  has  shown  that  no  C.  3 
rigorous  method  of  analysis  of  this  problem  at  present  exists. 
It  is  difficult  to  compare  the  expression  which  Mariupollskii 
obtains  for  the  expansion  of  a  cylindrical  cavity  with  Vesic's  express- 
ion  for  an  expanding  sphere,  since  their  final  equations  for  ultimate 
uplift  resistance  pressure  are  functions  of  different  variables. 
However,  Bishop  et.  al.  (1945)  compared  theoretically  the  expansion  of 
a  spherical  cavity  to  the  expansion  of  a  cylindrical  cavity  in  a 
f;  ictionless  metal  (neglecting  volume  changes  in  the  plastic  zone)  and 
found  the  spherical  expansion  pressure  to  be  approximately  15P  greater 
than  the  cylindrical  expansion  pressure. 
Heyerhof  and  Adams  (2.3-C)  employ  experimental  observations  to 
evaluate  certain  factors  in  their  equation  for  ultimate  uplift  resist- 
ance  at  great  dcpths.  The  height  wherein  local  failure  occurs  is 
determined  from  the  observed  extent  of  the  slip  failure  surface.  For 
the  limiting  value  of  ultimate  uplift  resistance  they  use  kleyerhof's 
equatipn  for  bearing  capacity  at  great  depth.  In  this  case  they  are 
assuming  the  soil  to  be  an  infinite  mass  (an  assumption  made  by  both 
Mariupollskii  and  Vesic.  in  their  deep  anchor  theories). 
In  Ashbee's  Finite  Element  analysis,  the  approximation  used  for 
the  shear  failure  envelope  of  the  soil  for  the  model  appears  to  be 
reasonable.  The  analysis  shows  that,  for  a  general  soil  with  friction 
0 
and  cohesion,  peak  stresses  at  various  points  in  the  soil  mass  are  not 
reached  simultaneously.  This  is  an  important  observation  which  none  of 
the  previous  theories  (neither  shallow  nor  deep)  have  considered. 
However,  Ashbee's  assumption  of  a  uni-axial  model,  and  the  correspond- 
ing  specification  of  stiffness  coefficientso  must  reduce  considerably 
24 the  validity  of  the  results  of  this  analysis. 
E.  Comparison  of  Existing  Deep  Anchor  Theories 
Fig.  2.13  illustrates  the  results  of  the  three  deep  anchor  theories 
which  have  been  discussed.  Since  the  expressions  for  ultimate  uplift 
resistance  are  independent  of  depth,  Pj/eSD  is  plotted  against  c/e.  BD  . 
Por  Vesic's  theory,  two  values  of  rigidity  index  Tr  and  plastic 
volumetric  strain  A  are  considered.  The  curve  for  I: 
r  =  500  and 
0-0  represents  a  clay  which  will  fail  at  a  small  strain  and  which 
shows  no  plastic  volume  change  during  the  uplift  resistance  test.  The 
curve  for  20  and  A=  0-02-  represents  a  clay  which  can  sustain  a 
large  amount  of  strain  before  failure  and  in  which  some  plastic  volume 
change  will  occur  during  the  test.  For  Meyerhof  and  Adams's  theoryt 
two  values  of  the  ultimate  bearing  capacity  coefficient  Nx  for  deep 
anchors  are  considered.  The  curve  for  N,.,,  =  9-34-  represents  a  rigid 
clay  with  no  compressibility,  and  the  curve  for  N 
_= 
7.0  represents  a 
compressible  clay.  For  Mariupollskii's  theory,  two  values  of  (A)  t  the 
function  of  volume  compressibility  due  to  consolidatiop,  are  considpred. 
The  curve  for  CA,  )  -  200  represents  a  clay  with  small  volume  compressib- 
ility  and  the  curve  for  w  25ý  represents  a  clay  with  a  high  volume 
comprdssibility. 
The  values  of 
hL,  /ý,  D  in  'both  Vesic  Is  and  Meyerhof  and  Adams  Is 
theories  are  linearly  related  to  the  values  of  C/93D  sin.  ce  the 
theories  may  be  expressed  in  the  form: 
Pu/yg  DX+C  'Aeg  D)  Y  (Z.  43) 
where  X  and  Y  are  constants  for  fixed  values  of  Ir 
9A  and  N., 
Mariupollskii's  theoryq  however,  shows  a  concave  downwards  relationship, 
implying  that  as  the  shear  strength  of  the  soil  increases,  a  smaller 
corresponding  increase  in  the  ultimate  uplift  resistance  pressure  will 
occur, 
Although  ir 
9&v 
NL,,  and  W  are  defined  in  different  ways, 
25 Fig.  2-13  illustrates  that  the  values  of  kk/eD  in  each  theory  for 
the  incompressible  clays  with  small  strain  to  failure  are  considerably 
higher,  over  the  CAeSD  range  considered,  than  those  for-the  compress- 
ible  clays  with  large  strain  to  failure.  This  is  an  expected  result, 
since  the  theories  are  based  on  the  concept  of  the  movement  of  the 
elastic-plastic  boundary  to  allow  movement  of  the  anchor.  If  the  clay 
is  almost  incompressible,  then  the  radius  of  the  elastic-plastic 
boundary  must  be  large  before  anchor  movement  can  occur.  The  ultimate 
uplift  resistance  will  increase  correspondingly,  since  a  larger  volume 
of  clay  is  required  to  be  compressed. 
For  the  rigid,  incompressible  clay,  Vesic's  and  I'leyerhof  and 
Adams's  solutions  give  similar  results.  For  the  very  compressible 
clays,  Vesic's  values  are  lower  than  those  of  Neyerhof  and  Adams. 
There  are  two  possible  reasons  for  this  in  the  author's  opinione 
Firstly,  Vesic  takes  into  account  plastic  volume  change  which  will 
tend  to  increase  the  value  of  compressibility  of  the  clay.  Secondly, 
it  is  possible  that  the  compressibility  of  Vesic's  material  with  a 
rigidity  index  of  20  is  less  than  that  of  Meyerhof  and  Adams's  material 
with  a  bearing  capacity  coefficient  of  7.0,  since  high  compressibilitj 
is  not  strictly  defined. 
Iýor  both  incompressible  and  compressible  claysq  Mariupollskii's 
solution  gives  values  for  JW95D  below  those  of  Vesic  and  Mey  erhof  and 
Adams.  Because  of  the  lack  of  explanation  of  the  way  in  which 
Mariupollskii  derived  his  expxession  for  ultimate  uplift  resistance,  it 
is  difficult  to  explain'  this  difference  in  the  results. 
Fig.  2.14  illustrates  the  solutions  of  Vesic's  deep  and  shallow 
anchor  theories  compared  for  two  values  of  C/Yc3  D-  Vesic's  solutions 
are  chosen  as  being,  typical  of  those  for  the  theories  which  have  been 
discussed.  The  comparison  shows  that  the  theories  predict  a  deep 
anchor  failure  coming  into  effect  between  D/B  =  1,25  and 
D/13-  =  2-2;  Y  . 
Since  the  uplift  resistance  mechanism  of  the  soil  for  anchors  at  these shallow  depths  imst  be  influenced  by  the  proximity  of  the  anchor  to  the 
ground  surface,  this  result  does  not  accord  with  the  assumptions  of  no 
surface  effect  in  existing  deep  anchor  theories.  However,  the  resulýs 
of  model  tests  on  deep  anchors,  performed  by  the  author  (chapter  4), 
demonstrate  good  agreement  with  Vesic's  deep  anchor  predictions,  whereas 
the  values  of  ultimate  uplift  resistance  obtained  by  the  author  in 
shallow  anchor  model  tests  are  considerably  lower  than  those  predicted 
by  Vesic.  The  model  tests  also  showed  that  a  large  intermediate  range 
of  depths  exists  where  both  shallow  and  deep  effects  occur. 
2.6.  Conclusions  about  Foregoing  Procedures  I 
A.  Shallow  Anchor  Theories 
For  the  existinn.,  shallow  anchor  theories  which  have  been  considered, 
as  applied  to  purely  cohesive  soils,  and  %rithin  their  limitations  re- 
gardin,  g  soil  behaviour,  the  theories  of  Vesic,  Matsuo  and  Meyerhof  and 
Adams  appear  to  have  a  sound  formulation  and  give  reasonably  similar 
solutions  for  ultimate  uDlift  resistance  in  the  ran-e  0  to 
[/)j3  '  2-'  0-  When  the  soil  has  no  friction,  1--lariupol  I  skii  Is  less  conven- 
tional  assumptions  of  failure  nechanism  do  not  come  into  effect  and  his 
solution  becomes  equivalent  to  that  of  Meyerhof  and  Adams  and  the 
Shearing  theory.  Due  to  some  apparently  incorrect  assumptions  and 
calculations,  Balla's  solution  gives  values  of  uplift  resistance  which 
are  considerably  higher  than  those  of  the  other  theories. 
The  inherent  weakness  of  all  of  the  existing  shallow  anchor 
theories  is  their  assumption  that  no  movement  occurs  before  failureq 
which  means  that  they  provide  no  way  of  predicting  the  load-displace- 
ment  relationship  of  the  soil  under  uplift  conditions.  Also,  no  account 
is  taken  of  tension  and  the  resulting  cracking  in  the  soilq  and  the 
alteration  of  the  physical  dimensions  of  the  problem  produced  by  move- 
ments  of  the  anchor.  In  addition,  as  Ashbee's  analysis  demonstratedt 
movements  of  the  anchor  may  mean  that  some  of  the  soil  mass  will  have 
27 ,  passed  its  value  of  peak  shear,  stress  and  be  it)  a  residual  stress 
state  before  the  ultimate  upliftýresistance  is  reached.  This  will 
lessen  the  theoretical  ultimate  uplift  resistance. 
B.  Deep  Anchor  Theories 
Vesic  and  Meyerhof  and  Adams  employ  different  approaches  to  the 
problem  but  obtain  similar  solutions.  Unlike  the  shallow  anchor 
theories,  both  of  these  theories  make  allowance  for  the  elasticity  and 
compressibility  of  the  soil.  Meyerhof  and  Adams's  equation  for  the 
limiting  value  of  ultimate  uplift  resistance  of  deep  anchors  and  Vesic's 
adaptation  of  the  expanding  cavity  theory  are  identical  to  Neyerhof's 
equation  for  the  ultimate  bearing  capacity  of  deep  foundations  and 
Bishop,  Hill  and  Mott's  equation  for  indentation  respectively.  Since 
theoretical  values  of  bearing  capacity  and  indentation  pressure  pre- 
dicted  by  the  latter  two  equations  have  shown  good  agreement  with  ex- 
perimental  results,  it  is  reasonable  to  assume  that  Ileyerhof  and  Adams's 
and  Vesic's  'deep  anchor  theories  will  provide  a  reasonably  accurate 
prediction  of  the  ultimate  uplift  resistance  values  of  deep  anchors  in 
an  ideal,  homogeneous,  isotropic  clay. 
2.7.  Tests  Performed  in  Purely  Cohesive  Soils  by  Previous  Authors 
A  study  of  the  literaturezeveals  that  a  2arge  range  of  uplift 
resistance  tests  have  been  performed  by  previous  authorsq  mostly  in 
sand  or  in  sandy  clay.  There  has  been  comparatively  little  model 
testing  in  purely  cohesive  soils  and  only  a  few  of  the  results  which 
have  been  published  provide  enough  information  about  soil  properties 
and  anchor  dimensions  to  enable  a  comparison  between  them  to  be  made. 
All  of  these  tests  were  laboratory  model  tests. 
Ali  (1968)  performed  a  series  of  model  pullout  tests  on  a 
bentonito-water  clay  mixture  of  very  low  shear  strength.  Suction  below 
the  anchor  caused  an  incrcase  in  the  valueG  of  uplift  resistance  load  of 
over  50/ý7-,  in  his  shallow  anchor  tests  and  of  about  2Wo  in  his  deep  anchor 
28 tests,  and  the  results  shown  in  Fig.  2.15  are  for  values  of  ultimate 
uplift  resistance  without  suction.  Ali  estimated  the  suctional  effect 
by  performing  some  pullout  tests  with  the  anchor  plate  on  the  surface  of 
the  clay. 
Bhatnagar  (1969),  using  the  same  pullout  apparatus  as  Ali,  per- 
formed  a  series  of  tests  on  a  firm  silty  clay,  which  possessed  neglig- 
ible  frictional  properties.  His  tests  were  free  from  suctional 
effects,  since  suction  below  the  anchor  plate  is  normally  encountered 
only  in  soft  clays  with  a  high  moisture  content. 
Adams  and  Hayes  (1967)  conducted  several  series  of  pullout  tests 
on  brick  clay  and  Niagara  clay.  Only  the  results  of  tests  in  brick  C, 
clay  (a  firm  clay  with  relatively  low  moisture  content)  are  shown  in 
Fig.  2.15  since  the  results  of  their  tests  in  Niagara  clay  included 
0 
suctional  effectsq  no  accurate  estimation  of  which  was  published  by 
them. 
Fig.  2.15  shows  the  results  obtained  by  these  three  authors, 
plotted  on  a  graph  of  v  is  a  dimensionless  parameter  which 
is  the  value  of  the  ultimate  uplift  resistance  of  a  soil  divided  by  its 
shear  strength  and  adjusted  for  the  effect  of  soil  weight  on  the  anchor. 
Section  3.5  of  chapter  3  describes_the  derivation  of  F;  Lg.  2.15 
includes  also  a  curve  of-F,,  V  RIB  for  Vesic's  shallow  and  deep  anchor 
theories.  The  significant  difference  between  the  valuesýof  ultimate 
uplift  resistance  obtained  in  the  three  series  of  model  tests  described 
above  and  also  the  considerable  divergence  between  the  model  test 
results  and.  thetheoretical  predictions  of  Vesic  prompted  the  author 
to  perform  a  series  of  model  tests  (described  in  chapter  4)  and!  -,  to 
develop  a  finite  element  analysis  of  the  problem  (described  in  chapter 
5),  in  order  to  examine  the  problem  in  greater  detail.  However,  before 
the  author's  model  tests  and  finite  element  analysis  are  described,  a 
dimensional  analysis  of  the  problem  will  be  outlined  in  the  next  chaptor. 
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DIMTSIONAL  ANALYSIS 
3-1-  Introduction 
In  order  to  conduct  model  tests  which  can  be  interpreted  accurately 
in  terms  of  the  prototype,  geometric  and  dynamic  similarity  between 
prototype  and  model  must  be  established  to  as  high  a  degree  as  possible. 
Where  complete  dimonsional  similarity  cannot  be  achievedo  attempts 
must  be  made  to  estimate  the  effect  on  model  test  results  of  any 
factors  which  cannot  be  made  to  conform  to  similarity  conditions. 
This  chapter  has  two  main  purposes: 
(a)  to  examine  the  uplift  resistance  problem  with  respect  to  soil 
properties  and  anchor  dimensionsv  and  to  perform  a  dimensional 
analysis  of  the  problem; 
(b)  to  estimate  the  factors  in  the  dimensional  analysis  which  have  a 
major  influence  on  the  problem,  and  to  examine  the  effect  on  test 
results  of  any  dimensional  dissimilarity  of  these  factors  between 
model  and  prototype. 
3.2.  Parameters  which  affect  Uplift  Resistance 
The  parameters  which  affect  uplift  resistance  can  be  divided  into 
two  main  categories: 
A.  parameters  of  the  materials  used  in  the  model; 
B.  parameters  of  the  physical  dimensions  of  the  model. 
A.  Parameters  of  the  Materials  used  in  the  Model 
Soil'parameters.  The  basic  parameters  of  a  soil  water  mixture 
may  be  described  as  soil  particle  size,  soil  particle  shapeg  specific 
gravity  of  the  soil  particles,  hardness  of  the  soil  particles,  electric 
charge 
. 
(if  any)  on  the  soil  particlest  properties  of  the  interstitial 
water  (eag.  salt  content),  and  the  void  ratio  and  water  content  of  the 
30 mixture.  A  set  of  secondary  parameters,  which  are  functions  of  the 
primary  parameters  and  which  in  general  describe  the  behavdour  of  the 
soil  water  mix  are  listed  below: 
Y-  the  bulk  density  of  the  soil 
0=  the  internal  angle  of  friction  of  the  soil 
c=  the  cohesion  of  the  soil 
t=  the  tensile  strength  of  the  soil 
E-  the  modulus  of  elasticity  of  the  soil 
v-  Poisson's  ratio  of  the  soil 
A=  the  plastic-volumetric  strain  of  the-soil 
Additional  secondary  parameters  are  consolidation  properties, 
compressibilityp  permeabilityt  viscosity,  and  creep. 
All  of  the  above  secondary  parameters  will  affect  the  value  of 
the-uplift  resistance  of  the  soil  to  a  greater  or  lesser  extent. 
However,  the  dimensional  analysis  will  be  simplified  if  those  soil 
parameters  which  have  a  very  small  effect  upon  the  problem  can  be 
eliminated.  Examination  and  discussion  of-previous  theories  (chapter  2) 
and  some  preliminary  model  testing  by  the  author  have  indicated  clearly 
the  parameters  which  must  be  included  in  the  dimensional  analysis.  . 
Material  bulk  density  must  be  included  since  any  upward  movement 
of  the  anchor  will  be  resisted  by  the  weight  of  material  above  it.  The 
parameters  of  limiting  material  strength  will  be  important.  Since 
only  purely  cohesive  soils  are  being  considered  in  the  present  investi- 
gation,  the  angle  of  internal  friction  will  be  omitted.  Existing 
theories  take  the  value  of  shear  strength  of  the  soil  to  be  the  limitina 
U 
value  of  soil  strength.  However,  it  will  be  shown  (chapters  4  and  5) 
that  considerable  tensile  regions  exist  throughout  the  material  under 
uplift  forces,  and  the  tensile  strength  of  the  material  must  also  be 
considered. 
The  values  of  the  elastic  modulus  and  Poisson's  ratio  of  the  soil 
will  affect  the  deformation  characteristics  of  the  soil  during  both 
31 shallow  and  deep  anchor  tests.  This  in  turn  may  affect  the  mode  of 
ultimate  failure.  In  additiong  existing  deep  anchor  theories  postulate 
that  these  parameters  play  a  direct  part  in  the  determination  of  the 
value  of  the-ultimate  uplift  resistance  of  soils.  The  plastic  volume- 
trio  strain  in  the  plastic  zones  of  stress,  can  also  play  a  part  in  the 
determination  of  the  value  of  ultimate  uplift  resistance. 
In  the  dimensional  analysis,  only  rapid  (undrained)  tests  on 
fully  saturated  clays  will  be  considered.  Thereforeq  the  time  depend- 
ent  parameters  of  compression  consolidation  and  permeability  will  be 
neglected.  In  very  soft  materials  under  stress,  viscous  effects  may 
be  encountered.  It  will  be  assumed  that  the  materials  being  used  will 
display  negligible  viscous  effects.  The  effect  of  creep  will  not  be 
considered.,  It  will  be  assumed  that  any  suctional  effect  which  may 
occur  below  the  anchor  during  uplift  resistance  testing  will  be  relieved 
by  the  use  of  a  hollow  shafted  anchor. 
,  Anchor  material  rarameters.  It  will  be  assumed  that'the  anchor 
is  rigid  enough  to  undergo  negligible  deformation  compared  to  the  soil 
during  uplift  resistance  tests.  The  weight  of  the  anchor  footingg 
both  in  the  prototype  and  in  the  model,  is  always  known  and  therefore 
its  part  in  the  total  uplift  resistance  force  can  be  calculated.  It 
can  thus  be  omitted  from  the  dimensional  analysis.  On  the  anchor 
plate,  adhesion  (Co.  )  may  be  developed  between  the  anchor  material  and 
the  soil.  This  parameter  will  be  included  in  the  dimensional  analysis. 
J3.  Parampters  of  the  Physical  Dimensions  of  the  Model 
The  diameter  of  the  anchor  plate  B  and'the  initial  depth  of 
placement  of  the  anchor  D  are  of  fundamental  importance  in  the  uplift 
resistance  problem  and  must  be  included  in  the  dimensional  analysis. 
Model  tests  are  normally  carried  out  inside  a  container,  diameter  B. 
If  the  diameter  of  tl-e  container  is  too  small,  considerable  boundary 
effects  may  be  encountered.  Since  the  prototype  has  no  container,  the 
32 model  container  must  be  large  enough  to  eliminate,  as  far  as  possibleg 
these  side  effects  and  the  parameter  B,  must  therefore  be  included  in 
the  dimensional  analysis. 
A  preliminary  analysis  by  the  author  has  shown  that  if  the  anchor 
plate  is  made,  only  thick  enough  to  retain  ri.  -idity,  then  the  effect  of 
this  thickness  on  the  total  uplift  resistance  of  the  soil  will  be 
negligible.  The  parameter  of  anchor  plate  thickness  will  therefore  not 
be  included  in  the  dimensional  analysis.  The  present  investigation  is 
concerned  primarily  with  the  uplift  resistance  of  soil  due  to  the  anchor 
plate  movement  and  not  with  the  uplift  resistance  due  to  the  adhesion 
between  the  soil  and  the  anchor  shaft.  In  the  dimcnsional  analysis,  it 
will  be  assumed  that  the  anchor  shaft  is  of  neglig  , 
ible  thickness. 
The  uplift  resistance  of  the  soil  prevents  anchors  from  being 
pulled  out  of  the  ground  in  the  high  mast  situation  or  from  being 
pushed  out  of  the  ground  in  the  shaft  raising  situation.  The  value  of 
this  uplift  resistance  may  be  affected  if  the  values  of  the  strength 
and  the  weight  of  the  soil  are  altered  due  to  the  rate  of  pullout  or 
pushout.  However,  if  the  rate  of  anchor  movement  in,  the  uplift  resist- 
ance  test  is  similar  to  the  rate  of  movement  used  in  the  testing  of  the 
soil  s-trength,  e.  g.  the  rate  of  testing  in  the  triaxial  apparatusq 
then  the  rate  of  uplift  resistance  testing  may  be  neglectedl  assuming 
that  it  is  not  great  enough  to  affect  the  weight  of  the  soil. 
3-3.  Dimensional  Analysis  of  the  Uplift  Resistance  Problem 
For  a  rapid  (undrained)  uplift  resistance  test  on  a  saturated  clay, 
with  the  asstimptions  stated  earlier,  the  uplift  resistance  pressure 
experienced  by  the  soil  may  be  assumed  to  be  a  function: 
P=5  (3,  Y,  c)  t,  E)  v)  A)  c,  Dý  B)  Be) 
The  dimensions  of  the  various  parameters  are  tabulated  in  Table  3.1. 
By  the  Buckingham  pi  method  of  inspection,  using  as  a  dimension-  C> 
less  group  D,  Y)  or%cL 
33 P/e3  Dý5(  c/, 
_, 
.)  VY3  D  F-Ie3  D)  cc/g.  DA;  B/D 
)B  Vf)  (3  -J 
no  cu)  S(  (ýYD)  ==  (B/D  )  CL 
=(  D/a) 
is  D/B 
Since  D  is  usually  greater  than  B  in  the  uplift  resistance  problems,  Q 
the  ratio  D/p  is  simpler  to  work  with  than  B/D 
3.4.  Effects  of  Dissimilarity  of  Dimensionless  Groups  in  Model  and  Prototype 
The  dimensional  analysis  indicates  that,  with  some  simplifying 
assumptions,  eight  dimensionless  groups  must  be  the*same  in  both  model 
and  prototype  to  obtain  identical  values  for  Kt/Y. 
D  in  rapid  (undrained) 
uplift  resistance  tests  in  saturated  clay. 
In  model  testing  in  soil  mechanics,  it  is  common  practice  to  use 
the  same  soil  in  the  model  as  in  the  prototype,  with  the  result  that 
the  parameters  which  describe  soil  behaviourg  i.  e.  tE  IJ 
and  A  are  the  same  in  both  model  and  prototype.  This  implies  that  in 
order  to  achieve  dimensional  similarity  between  model  and  Prototype 
for  groups  CA'  and  EhSD  ',  assuming  acceleration  due  to  ID, 
t/9! 
3D 
gravity  to  be  constant,  then  D,,,,,.  =  DP. 
O.  and  consequently  to  satisfy 
D/B  then  BmocL  =  Bpro. 
*  In  other  words,  if  the  same  soil  is  used  in  both 
model  and  prototype,  then  for  complete  dimensional  similarity  under 
normal  gravity  conditions,  the  model  must  be  identical  to  the  prototy-pe. 
If  dimensional  similarity  is  required  between  a  modelg  scaled 
down  by  a  length  factor  x,  and  the  prototype,  then  the  groups 
t/y.  and  must  be  scaled  down  by  the  factor  x  whilst  v  and 
remain  the  same.  It  is  known  that  the  bulk  densities  e  of  most 
saturated  clays  do  not  vary  by  much  over  a  large  range  of  strengths  and  Q  -- 
thus  Y  may  be  assumed  to  be  constant.  Therefore,  in  order  to  achieve 
dimensional  similarity,  there  exist  two  alternative  methods: 
(a)  Reduce  the  values  of  t  and  E  of  the  clay  by  a  factor  X 
34 whilst  keeping  V  and  A  the  same.  Howevert  if  the  values  of  the 
cohesion,  tensile  strength,  and  the  elastic  modulus  of  the  clay 
are  reduced,  oven  assuming  that  V  and  A  can  be  kept  constanty 
the  way  in  which  the  soil  behaves  under  stress  may  alter. 
Parameters  which  were  neglected  in  the  dimensional  analysis  such 
as  viscosity  (if  the  soil  has  to  be  very  soft)  and  creep  may 
affect  the  displacement  characteristics,  and  the  manner  in  which 
cracking  propagates  throughout  the  soil  may  be  altered. 
-he  value  of  acceleration  due  to  gravity  9  by  Lrodel  (b)  Increase  4. 
testing  in  a  centrifugge.  The  difficulties  are: 
(i)  the  cost  of  equipmont  which  is  large  enough  to  test  a 
reasonably  sized  model; 
(ii)  the  incorporation  of  an  anchor  loading  mechanism  into  a 
centrifuge  and  the  measurement  of  the  relevant  parameters, 
c.  g..  surface  displacements,  during  testing. 
The  dimensional  analysis  indicates  the  groups  of  parameters  which 
must  be  identical  to  give  dimensional  similarity  between  model  and 
prototype.  However,  it  does  not  indicate  to  what  extent  dimensional 
dissimilarity  will  affect  model  test  results.  Theories  for  predicting 
uplift  resistance  pressures  already  exist  (chapter  2)  and  a  theory 
which  is  considerpd  to  be  representative  will  be  examined  to  find  the 
extent  to  which  the  relationship  between  (Pl)rnoct.  and(ý,  ) 
pro.  will  be 
affected  if  dimensional  similarity  does  not  existing  between  model  and 
prototype. 
A.  Shallow  Anchor  Theories 
All  of  the  existina  shallow  anchor  theories  assume  ultimate  0 
shearing  failure  and  ignore  the  effects  of  the  elastic  and  tensile 
properties  of  the  soil.  Thus: 
k,  /? 
B  D  :  --  3C  CIYS  Dý  D/B  (3.2) 
35 An  examination  of  the  values  of  Pvý,  t)  in  these  theories  (Table  2.1.  ) 
shows  that  the  uplift  resistance  of  the  soil  depends  on  the 
--' 
weight  of  the  material  and  its  shear  strength  (cohesion).  Since  the 
unit  weight  of  soil  is  defined  in  terms  of  force  per  unit  volume 
(weight  is  a  function  of  volume)  and  the  strength  of  the  soil  (stress, 
pressure)  is  defined  in  terms  of  force  per  unit  area  (stress-is  a 
function  of  area),  then  the  larger  the  scale  of  the  model,  the  greater 
the  relative  effect  of  the  weight  of  the  soil  on  the  value  of  the  up- 
lift  resistance  of  the  model,  assuming  that  the  value  of  acceleration 
due  to  gravity  is  the  same  in  both  model  and  prototype.  Mereforep  if 
the  same  soil  is  used  in  both  model  and  prototype,  the  soil  weight 
contribution  to  the  total  ultimate  uplift  re3istance  in  the  model  will 
be  reduced.  However,  if  the  value  of  the  shear  strength  of  the  soil 
is  highl  the  contribution  of  the  soil  weight  to  the  total  ultimate 
uplift  resistance  in  the  prototype  itself  will  be  small  since  the  unit 
weight  of  the  soil  is  approximately  constant  and  is  not  a  function  of 
the  strength  of  the  soil.  Thusq  the  contribution  of  the  soil  weight 
to  the  total  ultimate  uplift  resistance  of  the  soil  is  a  function  of 
anchor  size  (depth  and  breadth)  and  the  strength  of  the  soil  as  well  as 
the  va.  lue  of  the  unit  weight  of  the  soil,  i.  e.  a  function  of  C-liq  B 
(Or  C/Y3  D 
The  above  argument  can  be  demonstrated  with-reference  to  Vesic's 
Shallow  Anchor  Theory,  a  theory  which  can  be  considered  as  representa- 
tive  of  the  shallow  anchor  theories  examined  in  chapter  2.  Fig.  3.1 
shows  the  percentage  contribution  of  soil  weight  to  the  total  ultimate 
uplift  resistance  (expressed  as 
ýU/e.  C- 
ýD 
)  when  plotted  against  /-,  B 
Appendix  A  provides  details  of  the  derivation  of  Fig.  3.1  by  the  author 
from  Vesic's  theory.  In  a  theory  which  assumes  a  cylindrical  or  conical 
shaped  slip  failure  surface,  the  contribution  of  soil  weight  to  the 
total  ultimate  uplift  resistance  will  be  constant  with  varying  depth. 
36 However,  since  Vcsic's  Shallow  Anchor  Theory  assumes  a  circular  slip 
failure  surface,  the  contribution  of  soil  weight  to  the  total  ultimate 
uplift  resistance  will  be  a  function  of 
D/B 
.  Values  of 
D/13 
=  0-5' 
and 
D- 
=  1-5'  are  plotted.  Since  /B 
Pw/e8D  is  a  function  of  both 
D/, 
2  ,  then  Oleg  B  is  D  and  D/B  (eri-3.2)  and  13  % 
plotted  in  Fing.  3.1  since  it  combines  both  CASD  and  D/B 
Before  the  implications  of  Fig.  3.1  are  discussed,  values  o.  C) 
CB  for  some  typical  prototype  anchor  dimensions  and  soil  properties 
.. 
13  values  for  are  presented  in  Table  3.2.  A  normal  ran.  -e  of  r*e, 
prototype  shallow  anchors  will  be  of  the  order  of  0.46  (for  large 
diameter  anchors  in  soft  clays)  to  7.5  (for  small  diameter  anchors  in 
stiff  clays).  Models  are  normally  scaled  down  by  length  factors  of  the 
order  of  5  to  50,  resultipg  in  model,  tests  being  in  the  C-/WsB  range 
2.3  to  375t  provided  that  the  soils  used  in  the  model  tests  are  similar 
to  those  described  in  Table  3.2. 
The  problems  which  may  occur  when  two  limiting  cases  of  prototype 
shallow  anchors  are  modelled  without  a  centrifuge  will  be  considered 
in  the  following  sections.  The  first  anchor  to  be  considered  will  be 
a  large  prototype  shallow  anchor  in  a  soft  clay  with  a  -A  B  value 
of  0.46,  which  is  considered  to  be  the  lower  limit  of  typical  prototype 
C-/98  B  values  (Table  3.2).  The  s-econd  anchor  to  be  considered  will  be 
a  s=11  prototype  anchor  in  a  stiff  clay  with  a  C/'dSI3  value  of  7.59 
which  is  considered  to  be  the  upper  limit  of  typical  prototype  C-/YSB 
values  (Table  3.2). 
Large  prototyl)e  shallow  anchor  in  soft  clay.  The  dimensions  of 
this  prototype  anchor  and  the  parameters  of  the  soil  are  considered  to 
provide  a  lower  limit  of  C-IYBB  for  typical  prototype  shallow  anchors. 
Diamater  of  anchor  (B  3m 
'  Depth  oý  anchor  (D  3m 
D/B  =1 Shear  strength  of  clay  (r-  25  kN/m  2 
0 
Unit  weight  of  clay  18  yjj/m3 
'/JS  B=0.46 
According  to  Vesic's  Shallow  Anchor  Theory  (Fig.  3-1),  the  percentage 
contribution  of  soil  weight  to  the  total  ultimate  uplift  resistance  of 
-  this  prototype  will  be  approximately  37/4-- 
Two  methods  of  modelling  this  prototype  will  be  considered:  (a)  a  C> 
model  which  uses  the  prototype  soil,  implying  that  dimensional  similarity 
between  model  and  prototype  will  not  be  achieved,  and  (b)  a  model  which 
uses  a  different  soil  and  which  attempts  to  achieve  dimensional 
similarity  between  model  and  prototype. 
(a)  Model  which  uses  the  prototype  soil.  For  modelling  purposesq  the 
prototype  is  scaled  down  by  a  length  factor  of  15  (i.  e.  the 
.3 
diameter  of  the  model  anchor  is  0.2m)  and  the  prototype  soil  is 
used,  with  a  resulting  model  'IYBB  value  of  6.9v  i.  e.  dimensional 
C-ý 
similari  . ty  does  not  exist  between  model  and  prototype.  Fig.  3-1 
shows  that  in  this  model,  the  percentage  contribution  of  soil  0 
weight  to  the  total  ultimate  uplift  resistance  (accordina  to 
0 
Vesic's  theory)  will  be  approximately  elo,  compared  to  37/ý  for  the 
prototype. 
Vesic's  theory  assumes  that  the  total  ultimate  uplift  re- 
sistance  of  the  sDil  is  made  up  of  (i)  the  uplift  resistance  due 
to  the  weight  of  the  soil  and  (ii)  the  uplift  resistance  due  to 
the  shear  strength  of  the  soil.  In  the  case  being  considered,  the 
value  of  the  uplift  resistance  pressure  on  both  the  model  and 
prototype  anchors  due  to  the  shear'strength  of  the  soil  will  be 
the  same,  since  the  same  soil  is  being  used  in  both  tests.  However, 
according  to  Fig:,,  -  3-1,  this  will  account  for  960/ýo  (i.  e.  1095L  -40)of 
the  total  ultimate  uplift  resistance  pressure  in  the  model  but 
only  63FIfo  (i.  e.  100/ýQ  -  37%)  of  the  total  ultimate  uplift  resistance 
38 pressure  in  the  prototype.  Therefore,  if  no  account  is  taken  of 
the  different  contributions  of  soil  weight  to  the  total  ultimate 
uplift  resistance  between  model  and  prototype,  and  if  the  ultimate 
uplift  resistance  pressure  predicted  for  the  prototype  is  assumed 
to  be  the  value  measured  in  the  model,  an  underestimation  of 
prototype  ultimate  uplift  resistance  pressure  of  over  50/ý-  will 
occur,  according  to  Vesic's  theory.  In  the  high  mast  foundation 
situation,  an  underestimation  of  the  ultimate  uplift  resistance  of  the 
soil  will  lead  to  a  conservative  foundation  design.  Howevert  in 
the  shaft-raising  situation,  where  the  use  of  large  diameter 
shafts  (anchors)  in  soft  clay  beneath  the  sea  bed  is  probable,  an 
underestimation  of  this  nature  could  lead  to  the  provision  of 
jacking  equipment  of  inadequate  capacity. 
(b)  Model  which  attempts  to  achieve  dimensional  similarity  with  the 
prototype.  Tests  by  the  author  on  soft  clays  (chapter  4)  have 
shown  that  below  a  value  of  shear  streng  kN/m2q 
, 
th  of  approximately  5 
clays  become  viscous  and  difficult  to  handle  and  to  compact,  and 
this  is  therefore  taken  to  be  a  limiting  lower  value  of  shear 
strength  for  model  testing.  If  the  model  uses  a  very  soft  clay  with 
a  shear  strength  of  5  k2j/m2'  i.  e.  the  strength  of  the  prototype 
clay  (C-=  25'kN/m2)  is  reduceý  by  a  factor  of  5,  then  to  achieve 
dimensional  similarity,  the  diameter  of  the  model  anchor  must  be 
reduced  by  a  factor  of  5,  i.  e.  the  diameter  of  the  model  must  be 
0.6  m.  Limitations  of  size  must  be  placed  on  model  tests,  and  no 
uplift  resistance  model  tests  by  previous  researchers  have  been 
performed  with  anchors  exceeding  0-4  m  in  diametert  which  may  be 
taken  as  a  limiting  value  for  model  testing.  A  0.4  m  diameter 
anchor  in  a  soil  of  shear  strength  5  jdj/m2  will  yield  a  model 
rl/ýSB  value  of  approximately  0.7,  which  can  be  considered  to  be 
the  minimum  possible  obtainable  C-/j  5B  value.  Large  diameter 
39 prototype  anchors  in  soft  clays  which  have  CIV,  ýB  values  of  less 
than  0.7  will  therefore  not  be  able  to  be  modelled  in  a  dimension- 
ally  similar  manner.  Fig.  3.1  shows  that,  according  to  Vesic's 
theory,  the  percentage  contribution  of  soil  weight  to  the  total 
ultimate  uplift  resistance  in  this  model'will  be  approximately 
2Vo,  compared  to  37/"-  for  the  prototype. 
Small  -nrototype  shallow  anchor  in  stiff  clay.  The  dimensions 
of  this  prototype  anchor  and  the  parameters  of  the  soil  are  considered 
to  provide  an  upper  limit  of  for  typical  prototype  shallow 
anchors  (Table  3.2). 
Diameter  of  anchor  (B  m 
Depth  of  anchor  (D  m 
Shear  strength.  of  clay  (  C-  150  kjj/m2 
Unit  weight  of  clay  (  20  kN/m  2 
0 
B  7.5 
According  to  Vesicis  Shallow  Anchor  Theory  (Fig.  3-1)v  the  percentage 
contribution  of  soil  weight  to  the  total  ultimate  uplift  resistance  of 
this  prototype  will  be  approximately  3ý-.  Two  methods  of  modelling 
th  is  prototype  will  be  considered:  (a)  a  model  which  uses  the 
protype  soilq  implying  that  dimensional  similarity  between  model  and 
prototype  will  not  be  achieved,,  and  (b)  a  model  which  uses  a  different 
soil  and  which  attempts  to  achieve  dimensional  similarity  between 
model  and  prototype. 
(a)  Model  which  uses  the  prototype  soil.  For  modelling  purposes  the 
prototype  anchor  is  scaled  down  by  a  factor  of  15  to  give  a  model 
anchor  diameter  of  0.067  m,  and  the  prototype  soil  is  used,  with 
a  resulting  model  C1Y  B  value  of  112-5.  Fig.  3.1  shows  that  the  s 
percentage  contribution  of  soil  weight  to  the  total  ultimate 
uplift  resistance  in  this  model  will  be  less  than  0.5/1%  Since 
40 the  same  soil  is  being,  used  in  bothImodel  and  prototype,  the 
uplift  resistance  pressure  on  both  the  model  and  the  prototype 
anchors  due  to  the  shear  strength  of  the  soil  will  be  the  same. 
Howevert  since  this  accounts  for  gr1o  of-the  total  ultimate  uplift 
resistance  in  the  prototype  and  approximately  99.51/1  of  the  total 
ultimate  uplift  resistance  in  the  model,  an  underestimation  of 
the  total  ultimate  uplift  resistance  pressure  in  the  prototype  of 
less  than  Yl',  '  will  occur  if  the  total  ultimate  uplift  resistance 
pressure  of  the  prototype  is  assumed  to  be  the  value  which  is 
measured  in  the  model. 
(b)  Model  which  attemnts  to  achieve  dimensional  similarity  with  the 
prototype.  Dimensional  similarity  can  be  achieved  between  model 
and  prototype  by  using  a  model  soil  with*a  shear  strength  of  30  0 
kjj/m2  and  an  anchor  of  diameter  0.2  m.  Previous  discussion  has 
demonstrated  that  both  of  these  values  are  reasonable  for  model 
testing.  It  can  thus  be  concluded  that  dimensional  similarity 
between  model  and  prototype  can  be  achieved  without  difficulty 
for  small  prototype  anchors  in  stiff  clays  with  high  values  of 
C/v  B  /65 
The  two  limiting  cases  of  r-/V  B  of  0.46  and  7-5  for  typical 
Cý  5 
prototn,  e  shallow  anchors  have  been  considered.  The  values  of 
for  all  ty-pical  prototype  shallow  anchors  will  lie  between  these 
limiting  values.  *  In  this  range  of  shallow  prototype  anchors,  the  ease  Cj 
of  modelling  the  prototype  and  the  contribution  of  soil  weight  to  the 
total  ultimate  uplift  resistance  of  the  prototype  will  depend  on  the 
prototype  value  of  r-le..  a  and  will  be  on  a  sliding  scale  between  the 
two  limiting  cases  discussed. 
B.  DeeT)  Anchor  Theories 
Vesic's  expanding  cavity  theorem  adapted  for  deep  anchors  is 
41 considered  to  be  representative  of  the  existing  deep  anchor  theories 
which  v.,  ere  examined  in  chapter  2.  This  theory  expresses  the  ultimate 
uplift  resistance  of  the  soil  as  a  function  of  the  elastic  and  plastic 
properties  of  the  soil: 
Pu-  /Y5  D  ý:  --  S(  '/ý3  DYIr2  '"  ---,  --*  (3.  -5) 
According  to  this  theory,  the  ultimate  uplift  resistance  of  a  deep 
anchor  in  clay  is  a  function  of  soil  parameters  c.  ,E  1)  and  A 
and  the  overburden  pressure  of  the  soil  on  the  anchor  YS  D.  If  a 
homogeneous  soil  is  assumed,  the  deep  anchor  theory  states  that  the 
contributions  of  E  and  A  to  the  total  ultimate  uplift  re- 
sistance  are  independent  of  depth.  However,  since  the  overburden 
pressure  on  the  anchor  is  a  function  of  depth,  the  scale  of  the  proto- 
type  or  model  will  affect  the  contribution  of  soil  weight  to  the  total 
ultimate  uplift  resistance  of  the  soil.  Nevertheless,  it  should  be 
noted  that  according  to  Vesic's  Deep  Anchor  Theory,  the  contribution  of 
soil  weight  to  the  total  ultimate  uplift  resistance  pressure  at  any 
depth  is  independent  of  the  diameter  of  the  anchor.  Fig.  3.2  shows 
the  percentage  contribution  of  soil,  weight  to  the  total  ultimate 
uplift  resistance  of  the  soil  (expressed  as  OLL/YoD  )  when  plotted 
a-ainst  D  is  plotted  in'the  deep  anchor  case  since  the 
percentage  contribution  of  soil  weight  to  the  total  ultimate  uplift  U  1.3 
resistance  is  independent  of  B  Values  are  plotted  for  an  incompress- 
ible  clay  (small'strain  to  yield)  with  Ir  500  and  A=0.0  and  a 
compressible  ýdlay  (large  strain  to  yield)  with  20  and  0.02. 
These  values  of  Ir.  and  L  were  discussed  in  chapter.  2.  Details  of  the 
derivation  of  Fig.  3.2  by  the  author  from  Vesic's  Deep  Anchor  Theory 
are  given  in  Appendix  A. 
Before  the  implications  of  Fig.  3.2  are  discussed,  values  of 
CIX  D  for  sonic  typical  prototype  anchor  dimensions  and  soil  properties  9 
are  presented  in  Table  3.3.  A  normal  ranSe  of  values  of  '-1Y3D  for 
prototype  anchors  will  be  of  the  order  of  0.15  for  very  deep  anchors  in 
42 soft  clay  to  2-5  for  moderately  deep  anchors  in  stiff  clayq  resulting 
in  model  values  in  a  rane-,  e  from  0.75  to  125,  assuming  once  more  Cý  C:  ) 
that  models  are  scaled  down  by  length  factors  from  5  to  50  and  that 
the  prototype  range  of  soils  is  used  for  modelling  purposes. 
The  problems  which  may  occur  when  two  prototype  deep  anchors  are 
modelled  without  a  centrifuge  will  be  considered  in  the  following 
sections.  The  first  anchor  to  be  considered  will  be  a  very  deep  proto- 
type  anchor  in  a  soft  clay  which  has  a  '/&_gD  value  of  0-155,  consider- 
ed  to  be  the  lower  limit  of  typical  prototype  r-hqD  values  (Table  3.3)- 
The  second  anchor  to  be  considered  will  be  a  moderately  deep  anchor 
in  a  stiff  clay  which  has  a.  'IYSD  value  of  2.5,  considered  to  be  the 
upper  limit  of  typical  prototype  '/X_qD  values  (Table  3-3). 
Very  deep  prototype  anchor  in  soft  clay.  The  dimensions  of  this 
prototype  anchor  and  the  parameters  of  the  soil  are  considered  to 
provide  a  lower  limit  of  '/95D  for  typical  prototype  deep  anchors 
(Table  3-3)- 
Diameter  of  anchor  is  arbitraryt  provided 
"deep  anchorltfailure  occurs. 
Depth  of  anchor  (D)=9M 
Shear  strength  of  clay  (r-  25  kjj/m2 
Unit  weight  of  clay  18  kN/m3 
Rigidity  Index  of  clay  (  Ir  20 
Plastic  Volumetric  Strain  (L  0.02 
c/jo  D  0.155  ' 
According  to  Vesic's  Deep  Anchor  Theory  (Fig 
C> ge  CD  s.  3.2),  the,  percenta 
contribution  of  soil  weight  to  the  total  ultimate  uplift  resistance  of 
f  this  prototype  will  be  appro#matclY  56ý'ý- 
Two  methods  of  modelling  this  prototype  will  be  considered:  (a) 
a  model  which  uses  the  prototype  soil,  implying  that  dimensional  U 
similarlty  between  model  and  prototype  will  not  be  acbieved,  and  (b) 
a  model  which  uses  a  different  soil  and  vhich  attempts  to  achieve 
43 dimensional  similarity  between  model  and  prototype. 
(a)  Model  which-uses  prototype  soil.  In  order  to  model  the  anchort 
the  prototype  depth  of  placement  is  scaled  down  by  a  factor  of 
15  to  give  a  model  depth  of  placement  of  0.6  m,  and  the  prototype 
soil  is  used,  resulting  in  a  model  C1Y,  'D  value  of  2 
CO.  5  .  32.  Fig.  3.2 
shows  that  in  this  model,  the  percentage  contribution  of  soil 
weight  to  the  total  ultimate  uplift  resistance  will  be  approximate- 
ly  Bcl'-,  compared  to  56%  in  the  prototype.  If  no  account  is  taken 
of  the  different  contributions  of  soil  weight  to  the  total  ultimate 
uplift  resistance  between  model  and  prototype  and  if  the  ultimate 
uplift  resistance  pressure  which  is  predicted  for  the  prototype  is 
assumed  to  be  the  value  which  is  measured  in  the  modelf  and  under- 
estimation  of  prototype  ultimate  uplift  resistance  pressure  of 
over  100,7(fjwill  occur,  according  to  Vesic's  theory.  This  under- 
estimation  of  ultimate  uplift  resistance  in  the  prototype  would 
lead  to'a  very  conservative  foundation  design  in  the  case  of  high 
mast  footin,,  s  but  could  lead  to  cuite  inadequate  jacking  power  U  Ca 
being  provided  in  the  shaft-raising  situation. 
(b)  Model  which  attem-nts  to  achieve  dimensional  similarity  with  the 
prototype.  As  previously  discussed,  a  soil  with  a  shear  strength 
2  is  below  about  5  kjj/M  difficult  to  handle  and  compact.,  Practical 
considerations  limit  the'depth  of  clay  which  may  be  used  in  model 
tests  of  this  nature,  and  no  previous  researchers  have  performed 
model  uplift  resistance  tests  in  clays  of  depths  greater  than  1.0m. 
This  depth  will  be  taken  as  a  limiting  value  in  the  subsequent 
discussion.  For  the  model  being  considered,  an  anchor  at  a  depth 
of  1.0  m  in  a  clay  with  a  shear  strength  of'5  kN/m2  will  have  a 
%SD 
value  of  0.28,  compared  with  a  '/? 
. 
3D  value  of  the  prototype 
of  0-155,  i.  e.  dimensional  similarity  between  model  and  prototype 
cannot  be  achieved  in  this  case.  This  %5D  value  of  0.28  can  be 
44 considered  as  being  the  minimum  model  C/9  D  value  which  can  be 
13 
attained  and  very  deep  anchors  in  soft  clays  with  a  CA8  D  value  of 
less  than  0.28  cannot  be  modelled  in  a  diriensionally  similar 
rranmr.  Fig.  3.2  shows  that,  according  to  Vesicls,  theory,  the 
percentago  contribution  of  soil  weight  to  the  total  ultimate 
uplift  resistance  in  the  model  with  9/eq  D=0.28  will  be 
approximately  42c/'P,  compared  to  56ý'o  for  the  prototype. 
Since  only  the  overburden  pressure  on  the  anchor  is  affected 
by  the  variation  of  anchor  depth  in  deep  uplift  resistance  tests 
in  clay,  the  overburden  pressurez  experienced  by  the  prototype 
anchor  may  be  simulated  in  model  tests  by  the  superimposition  of  a 
loading  on  the  model  clay  surface.  Thus,  in  the  case  being  ccn- 
A-  /  sideredg  where  k-/ID)  cannot,  be  made  equal  to  (CA30) 
pro.  va 
surface  loading  P.  may  be  superimposed  on  the  model  such  that 
r-  ) 
r,  C1. 
Wie-re  superimposed  loading  is 
YSD  +0 
employed,  the  prototype  soil*can  aLays  be  used  in  the  model.  'The 
superimposed  loading  method  has  been  used  by  Hanna  et.  aL(1972)  in  rodel 
uplift  resistance  tests  in  cohesionless  soils.  It  rjust  'be  noted 
that,  in  the  author's  opinion,  this  technique  -should  not  be  em- 
ployed  in  shallow  anchor  model  tests  since  the  superimposed  loading 
may  affect  the  surface  deformý-tion  and  the  shape  of  the  slip  failure 
surface  in  the  shallow  anchor  model. 
Moderately  deop  prototype  anchors  in  stiff  clay.  The  dimensions  of 
the  prototype  anchor  and  the  parameters  of  the  soil  are  considered  to 
provide  an  upper  limit  of  r-1XSD  for  typical  prototype  deep  anchors 
(Table  3-3)- 
Diameter  of  anchor  is  arbritary,  provided 
"deep  anchor"  failure  occurs, 
Depth  of  anchor  (D)=3m 
Shear  strength  of  clay  (c  150  kN/m2 
Unit  weight  of  clay  (  Wg  )  20  kN/m3 
45 Rigidity  Indox  of  clay  (  Tr  500 
Plastic  volumetric  strain  (A  0.0 
'I-eS  D  2.5 
According  to  Vesic's  Deep  Anchor  Theory  1), 
(Pig.  3-3)t  the  percentage 
contribution'of  soil  weight  to  the  total  ultimate  uplift  resistance  of 
this  prototype  will.  be  approximately  3ý,,  - 
Two  methods  of  modelling  this  prototype  will  be  considered:  (a) 
0 
a  model  which  uses  the  prototype  soil,  implying  that  dimensional 
similarity  between  model  and  prototype  will  not  be  achieved,  and  (b) 
a  model  which  uses  a  different  soil  and  which  attempts  to  achieve 
dimensional  similarity  between  model  and  prototype. 
(a)  Model  which  uses  prototype  soil.  For  modelling  purposesq  the 
depth  of  placement  of  the  prototype  anchor  is  scaled  down  by  a 
factor  of  15  to  give  a  model  depth  of  placement  of  0.2  m,  and  the 
prototype  soil  is  usedo  resulting  in  a  model  D  value  of 
37-5.  According  to  Vesic's  theory  U 
(Fig.  *3.2),  the  percentage 
contribution  of  soil  weight  to  the  total  ultimate  uplift  resist- 
ance  of  this  model  will  be  approximately  0.5FIQ.  If  no  account  is 
taken  of  the  different  contributions  of  soil  weight  to  the  total 
ultimate,,  uplift  resistance  between  model  and  prototype,  and  if 
the  ultimate  uplift  resistance  pressure  which  is  predicted  for 
the  prototype  is  assumed  to  be  the  value  which  is  measured  in 
the  modelq  an  underestimation  of  the  prototype  ultimate  upliftý 
resistance  pressure  of  less  than  31%  will  occur. 
(b)  Model  which  attempts  to  achieve  dimensional  similarity  with  the 
proýtotype.  Dimensional  similarity  between  model  and  prototype  can 
be  achieved  in  this  case  if  a  model  soil  with  a  shear  strength  of 
30  kN/m2  is  used  with  an  anchor  at  a  depth  of  0.6  m,  and  there  is 
therefore  no  need  to  superimpose  surface  loading  in  order  to 
simulate  dimensional  similarity. 
46 The  two  limiting  cases  of  9/ý3D  of  0.155  and  2.5  for  typical 
prototype  deep  anchors  have  been  considered.  The  values  of  "/YBD 
for  all  typical  prototype  deep  anchors  will  lie  between  these  limiting 
values.  In  this  range  of  d  eep  prototype  anchors,  the  ease  of  modelling 
the  prototype  and  the  contribution  of  soil  weight  to  the  total  ultimate 
uplift  resistance  of  the  prototype  will  depend  on  the  prototype  value 
of  C/90  g  scale  between  the  two  limiting*  and  will  be  on  a  slidin 
cases  discussed. 
3-5.  A  Note  on  the  Presentation  and  Comparison  of  Uplift  Resistance  Values 
obtained  from  Model  Tests 
The  dimensional  analysis  in  section  3.3  demonstrated  that  in  the 
uplift  resistance  problemo  values  of  D/B 
Y 
%BD 
9 
thg  D,  E/e 
-B 
D9 
'-cL/Y3D 
, 
Br_/D 
1  1)  and  A  must  ideally  be  the  same  in  both  prototype 
and  model  to  give  the  same  value  of, 
R'IYBD  in  prototype  and  model. 
Ideally  in  uplift  resistance  model  testing,  the  soil  strength  and  t.  he 
anchor  dimensions  of  the  model  should  be  selected  so  that,  in  a  series 
E/  Bc-/D 
,  1)  and  A  of  tests,  %9D  t/Y3D 
I  ýS  D1  C4YS  D9 
will  be  constant  for  varying  values  of 
D/13 
,  to  giving  corresp9nding. 
values  for  Mq  D  Various  series  of  model  tests  can  be  performed 
with  ýralues  C  or  etc.  in  the  model  which  are  /ýq  D(  ClYq  BD 
representative  of  prototype  values,  wherever  dimensional  similarity 
between  model  and  prototype  can  be  achieved.  An  overall  set  of  values 
for  PU/Y,,  D  will  -  thus  be  obtained  which  will  enable  the  ultimate  uplift 
resistance  values  of  prototypes  to  be  predicted  if  the  soil  properties 
and  the  anchor  dimensions  of  the  prototype  are  known,  or  conversely  to 
indicate  suitable  anchor  dimensions  if  the  soil  properties  and  total 
uplift  force  arc  known.  Chapter  4  describes  a  series  of  model  uplift 
resistance  tests  which  were  performed  by  the  author  with  anchor 
dimensions  and  soil  properties  selected  to  allow  the  results  to  be 
plotted  in  the  mannerdescribed  above. 
47 Figs.  3.1  and  3.2  illustrate  that,  according  to  Vesic's  theoryl 
the  percentage  contribution  of  soil  weight  to  the  total  ultimate  uplift 
resistance  of  the  soil  is  less  than  5FIlo  in  any  case  where  the  value  of 
CYYý13  is  greater  than  5  (shallow  anchors)  or  C/YSD  is  greater  than 
3  (deep  ancl!  ors).  This  indicates  that$.  for  these  anchors,  the  shear 
strength  of  the  soil  provides  over  95%  of  the  ultimate  uplift  resistance 
of  the  soil.  Therefore,  when  comparing  a  series  of  mo  del  uplift  resist- 
ance  tests  in  which  the  values  of  %,  J3  are  greater  than  5  or  CIYSD. 
are  greater  than  3,  little  error  will  generally  occur  if  the  ultimate 
uplift,  resistance  of  the  soil  is  assumed  to  be  proportional  to  the 
shear  strength  of  the  soil,  i.  e. 
PtL/C 
may  be  plotted  against  D/B 
In  order  to  compare  model  test  values  of  uplift  resistance  in 
purely  cohesive  soils,  Vesic  (1969)  has  derived  an  uplift  resistance 
factor  F,  which  combines  the  uplift  resistance  pressure  in  the  model 
test  with  the  value  of  the  shear  strength  of  the  soil,  and  also  takes 
into  account  an  assumed  pressure  due  to  the  weight  of  the  soil  above 
the  anchor.  Meyerhof  and  Adams  (1968)  derived  a  similar  uplift 
resistance  factor  NL, 
In  chapter  4,  the  term  F  and  F,  which  are  equivalent  to  the  factors 
F.  and  N. 
,  will  be  employed  by  the  author  in  the  comparison  of 
uplift  resistance  values  in  model  Tests: 
ýSD 
C 
ec  ......  (5-5)  3D 
Cý 
where  the  pressure  due  to  the  soil  weight  on  the  anchor  plate  is 
assumed  to  be  the  depth  of  the  anchor  times  the  unit  weight  of  the 
soil  (  93  D  ). 
A  plot  of  F,,  v  D/13  for  model  test  results  will  provide  only 
an  approximate  estimate  of  the  value  of  the  prototype  ultimate  uplift 
resistance,  since  the  value  of  F,,  will  be  dependent  on  the  accuracy  of 
the  assumption  of  the  value  of  overburden  pressure  on  the  anchor. 
48 -Howevcrt  for  soils  which  have  the  same  values  of  CIt  j  C/F  ,  tj 
Ir  and  A  (and  if  it  is  assumed  that  the  unit  weighV-of  purely 
cohesive  soil  is  approximately  constant),  a  unique  curve  of  ý,  V 
will  exist,  compared  to  -the  large  series  of  curves  for  PtAhn  DV  C-/V,  D 
V  D/13  (and  the  correspondingly  large  number  of  model,  tests)  which 
will  be  required  for  these  soils  if  completely  accurate  predictions  arre 
to  be  made  for  the  value  of  prototype  ultimate  uplift  resistance  from 
model  tests. 
3.6.  'Summary 
Due  to  the  large  number  of  topics  covered  in  this  chapter,  a 
summary  of  the  points  which  were  discussed  is  included. 
(a)  In  rapid  (undrained)  uplift  resistance  tests  on  saturated  clays, 
if  the  creep,  viscous,  consolidation  compression  and  permeability 
effects  are  neglected  and  a  very  thin  anchor  plate  and  small 
diameter  of  anchor  shaft  are  assumed,  then: 
Ele  (3'1  bits) 
D  c/e.  D)  VV3  D,  cole,  D  D/B 
; 
Bc/D 
(b)  For  shallow  uplift  resistance  anchors,  it  was  demonstrated  that 
dimensional  similarity  between  a  model  and  a  prototype  cannot  be 
achieved  without  a  centrifuge  if  the  prototype  value  is 
Cý 
- 
C-/Y5 
below  approximately  0.7.  This  means  that  dimensional  similarity 
cannot  always  be  achieved  for  models  of  large  prototype  anchors  in 
soft  clays  with  low  valuest  but  can  be  achieved  without 
difficulty  for  sm;  ý11  prototype  anchors  in  stiff  clays  with  large 
C/Y  B  values. 
(c)  For  sballow  uplift  resistance  anchors,  it  was  shown  that,  according 
to  Vesic's  theory,  the  attainment  of  dimensional  similarity  of 
the  value  of  ClgýB  between  model  and  prototype  will  only  be  of 
importance  where  the  prototype  C/e!  3  13  value  is  low,  i.  e.  in  cases 
where  dimensional  similarity  cannot  always  be  achievedg  since  only 
49 in  these  cases  is  the  percentage  contribution  of  soil  weight  to 
the  total  ultimate  uplift  resistance  highq  e.  g.  of  the  order  of 
37%  in  the  case  considered. 
(d)  If  the  ultimte  uplift  resistance  pressure  of  a  prototype  large 
shallow  anchor  in  soft  clay  is  assumed  to  be  the  value  of  the 
ultimate  uplift  resistance  pressure  measured  in  a  model  test  which 
uses  the  prototype  soil  and  which  is  scaled  down  by  a  length 
factor  of  15,  an  underestimation  of  the  prototype  ultimate  uplift 
resistance  pressure  of  the  order  of  5CPP  will  occur,  according  to 
Vesic's  theory;  This  will  produce  a  conservative  design  for  a 
high  mast  footinr,,  but  could  lead  to  the  provision  of  inadequate  C) 
jacking  power  in  the  shaft-raising  situation. 
(e)  For  deep  uplift  resistance  anchorsq  it  was  demonstrated  that 
dimensional  similarity  between  model  and  prototype  cannot  be 
achieved,  without  the  use  of  a  centrifuge  or  superimposed  surface 
loading,  if  the  prototype  0 
CIVSD  valueds  below  approximately 
0.28.  This  means  that,  in  general,  it  will  be  difficult  to 
achieve  dimensional  similarity  in  models  of  very  deep  prototype 
anchors  in  soft  clays,  where  the  contribution  of  soil  weight  to 
the  total  ultimate  uplift  resistance  will  be  high,  e.  g.  of  the 
order  Of  56%  in  the  case  considered. 
(f)  If  the  prototype  '-'IVBD  value  is  less  than  0.28  in  the  deep 
--anchor  case,  dimensional  similarity  between  model  and  prototype 
may  be  simulated  by  superimposing  an  appropriate  surface  loadinC& 
on  the  model.  If  dimensional  similarity  is  not  simulated  in  this 
manner  and  if  the  value  of  prototype  ultimate  uplift  resistance 
pressure-is  assumed  to  be  the  value  which  is,  measured  in  a  model 
which  uses  the  prototype  soil  but  whose  depth  has  been  reduced  by 
a  factor  of  15,  an  underestimation  of  the  value  of  prototype 
ultimate  uplift  resistance  of  approximately  10VIa  will  occurg 
50 according  to  Vesic's  theory. 
(g)  For  deep  uplift  resistance  anchors,  it  was  shown  that,  according 
to  Vesic's  theoryq  the  attainment  of  dimensional  similarity  of  the 
value  of 
%a 
,D 
between  model  and  prototype  will  only  be  of 
importance  where  the  prototype  C/93D  value-is  lowq'i.  e.  in 
cases  where  dimcnsional  similarity  cannot  always  be  achieved,  sinco 
only  in  these  cases  is  the  percentage  contribution  of  soil  weight 
to  the  total  ultimate  uplift  resistance  high,  0.0.  of  the  order  of 
56%  in  the  case  considered. 
(h)  For  presentation  and  comparisob  of  model  test  results,  it  was 
demonstrated  from  dimensional  considerations  that  values  of 
ultimate  uplift  resistance  obtained  from  model  tests  could  be 
plotted  in  the  form  of  PA/ýBD  'I  D/B  for  various  values  of 
CIYS  D9  EA'3D 
, 
t/YgD 
Y 
CO-/Y3D 
,AIVo  ncL  13c/D  in  order 
to  obtain  an  overall  set  of  dimensionless  values  which  can  be 
-applied  to  any  size  of  prototype  anchor  and  type  of  soil.  Since 
the  soil  weight  contribution  to  the  total  ultimate  uplift  resist- 
ance  of  a  soil  is  less  than  51/15  (according  to  Vesic)  in  cases 
where  (Ve  3B  is  greater  than  5  (shallow  anchors)  or  C/YqD 
ip  greater  than  3  (deep  anchors),  the  ultimate  uplift  resistance 
in  these  situations  is  approximately  proportional  to  the  shear 
strength  of  the  soil  and  PL,  /C 
,  may  be  plotted  aEainst  D/13 
with  little  resulting  error.  Alternatively,  a  factor  such  as  F,, 
which  combines  the  value  of  the  ultimate  uplift  resistance  of  the 
soil,  the  value  of  the  shear  strength  of  the  soil  and  a  value 
of  the  estimated  soil  weight  contribution  to  the  total  ultimate 
uplift  resistance  may  be  plotted  against  DILI 
- 
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Sym  bo  I,  Parameter  Dimension 
uplift  resistance  pressure  M  1:  'T-7- 
acceleration  due  to  gravity  LT 
bulk  density  of  soil  mass  M  L-z 
unit  weieht  of  soil  MLT 
C  cohesive  strength  of  soil 
M  L:  I  r-7- 
t  tensile  strenvth  of  soil  0 
-4  .  7- 
ML  T 
E  elastic  modulus  of  soil  M  Lý  T-'L 
Poisson's  ratio  of  soil  N  OL  0T0 
plastic  volumetric  strain  of  soil  M"LfT" 
CCL  adhesion  between  soil  and  anchor  material  M  C'T 
D  depth  of  placement  of  anchor  L 
diameter  of  anchor  plate  L 
BC  diameter  of  test  box 
Length  rl  =  Mass  T=  Time IT 
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1 
2 
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lm7-  c-  16-0 
(M)  =  IS  k  Kl/m3  =  19  "/M3  e3(=  ;  zo4NIry\s 
3.  o-46  1-315-  2--6- 
6  0-23  0-66  1  -;  Zs 
9  o-44-  O-Rs 00 
. or 
a  P- 
-ý  )"q  !a  5p  -QR  CR 
0 
0 
[3: 
4 
9 
F) 
U) 
E- 
ý4 
95 
E- 
00 
E-4 
0 
E- 
0 
Cýl 
U) 
co  rt4 
00 
0 
E- 
rILI 
E- 
P., 
Sý F4 P-4 
ýQ 
o 
Z 
le 7110 
000, 
uQ 
0)  0 
10  v 
0 
0 
rn 
r3r4 
0 
U) 
Ej 
E- 
0 
E-4 
E-4 
0 
E-1 
E-4 
LID 
H 
E-4 
z 
0 
U 
E-4 
rd 
0 
Cý 
R 
rTq 
1 
71 
0 
0 
ý-4 
cr.  ' 
9 CHAPTER  FOUR 
LABORATORY  INVESTIGATIONS 
4.1-  Introduction 
In  this  chapter,  the  laboratory  model  testing  program  will  be 
described  and  the  results  presented.  The  results  will  be  discussed 
in  chapter  6. 
Uplift  resistance  tests  in  the  laboratory  on  models  of  purely 
cohesive  soils  can  provide  the  following  information: 
(a)  a  relationship  between  the  load  on  the  anchor  and  the  correspond- 
ing  displacement  of  the  anchor  in  the  soilq  up  to  and  beyond  the 
ultimate  uplift  resistance  of  the  soil; 
(b)  measurements  of  the  surface  deformation  of  the  soil  due  to  anchor 
displacement; 
(0)  measurements  of  the  deformation  an  d  cracking  within  the  soil  mass 
due  to  anchor  displacement; 
(d)  measurement  of  the  porewater  pressure  distribution  in  the  soil. 
In  the  present  program  of  laboratory  model  uplift  resistance 
tests,  the  tests  were  performed  in  purely  cohesive  soils  to  obtain 
information  relating  to  parts  (a),  7(b)  and  (c)  above.  No  measurement 
of  the  porewater  pressure  distribution  in  the  soil  (part  (d))  was 
made,  since  it  was  considered  that  the  difficulties  involved  in  (i) 
; ýssuring  complete  saturation  of  the  uplift  resistance  sampleg  (ii) 
assuring  the  accurate  placement  of  porewater  measuring  devices,  (iii) 
assu.  ring  that  the  presence  of  these  devices  did  not  affect  the  soil 
behaviourg  and  (iv)  assuring  the  placement  of  sufficient  porewater 
pressure  measuring  devices  to  obtain  an  accurate  picture  of  porewater 
pressure  distribution,  could  not  be  overcome  sufficiently  to  ensure 
accurate  porewater  pressure  data. 
With  reference  to  part  (c)  above,  the  technique  of  placing 
52 horizontal  and  vertical  coloured  layers  in  the  sample  before  testing 
was  adopted  where  measurement  of  the  internal  deformation  of  the  soil 
was  required.  Details  of  this  technique  are  described  in  section  4.4  of 
this  chapter.  Some  recent  researchers  in  soil  mechanics9  e.  g.  Burland 
and  Roscoe  (1969),  have  used  X-ray  techniques,  by  which  the  displace- 
ments  inside  the  soil  during  a  test  could  be  measured  by  tracing  the 
path  of  the  lead  shot  which  was  placed  in  the  sample  during  preparation. 
However,  even  assuming  that  the  most  powerful  X-ray  equipment  was  used, 
a  penetration  of  not  more  than  250  mm  was  considered  to  be  the  maximum 
possible.  This  would  limit  an  uplift  resistance  model  test  to  such  a 
reduced  scale  that  the  displacements  of  the  lead  shot  due  to  anchor 
displacement  would  be  extremely  small  and  would  require  most  sophisti- 
cated  equipment  to  measure  them  accurately.  In  additiong  the  accurate 
placement  of  lead  shot  in  the  clay  sample  would  be  difficult. 
In  order  to  predict  the  magnitude  and  distribution  of  the  radial 
and  vertical  normal  stresses  and  shear  stresses  and  the  magnitude  and 
direction  of  the  principal  stresses  in  the  soil  during  the  uplift  re- 
sistance  tests  in  the  soil,  a  finite  element  analysis  was  developed  by 
the  author.  This  is  described  in  chapter  5. 
4.2.  Properiies  of  Soils  used  in  the  Uplift  Rrsistance  Tests 
I 
No  naturally  occurring  soils  were  found  which  were  considered  to 
be  suitable  for  modelling  the  uplift  resistance  problem,  and  so  two 
clay  soils  were  p±epared  in  the  laboratory  for  the  investigations: 
(a)  a  mixture  of  a  sodium-bentonite  clay  (Pulbent  150)  and  glycerine. 
This  clay  is  termed  glyben.  Four  batches  of  glyben  of  different 
shear  strengths  vere  prepared. 
(b)  a  mixture  of  clay  from  the  Grangemouth  area  and  Fayles  Blue  clay. 
This  clay  is  termed  modified  Grangemouth  clay.  Only  one  batch  of 
this  clay  was  prepared. 
53 Bentonite  and  glycerine  has  been  used  successfully  as  a  laboratory 
0 
material  by  Mayfield  (1963)  in  order  to  simulate  a  saturated  clay. 
Mayfield  proposed  that  the  ru.  xture  of  "platy"  particles  of  very  small 
size  (see  Fig.  4.1)  which  are  present  in  Palbent  150  with  a  liquid 
"binder"  of  low  volatility  and  high  polarity  would  produce  a  purely 
cohesive  clay  with  stable  mechanical  properties.  Undrained  triaxial 
tests  by  Mayfield  and  by  the  author  on  various  glyben  mixtures  have 
shown  the  material  to  be  almost  completely  frictionless.  Glyben 
possesses  several  advantages  as  a  laboratory  testing  material.  Since 
no  perceptible  evaporation  of  glycerine  occurs  at  normal  room  temper- 
atures  and  since  glyben  is  completely  insensitive  to  handlingo  repeated.  10 
tests  can  be  conducted  using  the  same  batch  of  material.  Different 
Cý 
strengths  of  glyben  can  be  obtained  by  varying  the  proportions  of 
bentonitc  and  glycerine  as  shown  in  Pig-  4.2.  The  percentage  glyben  0Q 
is  defined  as: 
the  weipht  of  glycerine  x  100 
the  wei,  -,,  ht  of  bentonite 
The  main  disadvantage  of  glyben  is  that  the  use  of  glycerine  instead 
C-ý 
of  water  precludes  the  measurement  of  porowater  pressure.  In  addition, 
samples  of  glyben  cannot  be  sedimented  from  a  slurry  but  must  be  formed 
0 
by  comDactiong  with  the  result  that  small  quantities  of  air  are  unavoid- 
ably  trapped-in  the  sample. 
The  second  clay  which  was  prepared  for  the  investigation  was 
modified  Grangemouth  clay.  Since  the  clay  collected  from  the  Grange- 
mouth  area  had  a  high  silt  content,  approximately  15F/fO  (by  weight)  of 
Payles  Blue  clay  (which  is  made  up  of  a  mixture  of  approximately  501/- 
illite,  4VIý  kaolinite,  50/o  quartz  and  5cOý  chlorite  clay  mineral  particles) 
was  mixed  with  it  to  increase  its  clay  content  and  plasticity.  However, 
from  the  results  of  uT)Iift  resistance  tests  and  triaxial  tests  on 
partially-consolidated  and  partially-drained  samples  of  this  clays  it 
appears  that  some  cunsolidation  of  the  modified.  Grangemouth  clay 
54 ,  took'place  at  high  va'lues  of  stress,  as  discussed  fully  in  chapter 
Particle  size  distribution  curves  for  the  two  materials  are  shown 
in  Fig.  4.1.  Table  4.1  gives  the  values  of  liquid  limit,  plastic 
limit  and  the  plasticity  index  for  the  modified  Grangemouth  clay.. 
These  tests  are  not  applicable  to  glyben  since  it  contains  glycerine 
instead  of  water.  Values  of  the  specific  gravity  of  the  clays  are  also 
given  in  Table  4.1  along  with  the  average  water  content  of  the  modified 
Grangemouth  clay  during  uplift  resistance  tests. 
C.  ý 
TABLE  4.1.  SOIL  PROPERTIES 
Bentonite  and 
Glycerine  (Glyben) 
Modified 
Grangemouth  Clay 
Liquid  Limit  (mc  34- 
Plastic  Limit  (mc  (8 
Plasticity  Index  (mc  cl  /6 
mc  ',!  j  durinIrl, 
tests  23-5  to  24-5 
Specific  Gravity 
of  clay  particles  2.76  2.92 
me  =  moisture  content 
It  lWas  suspected.  that  samples_of  glyben  and  modified  Grangemouth 
clay  might  be  thixotropic.  However,  tests  on  samples  of  the  two  clays  0 
showed  that  neither  was  thixotropic.  The  values  of  the  strength  of  the 
glyben  varied  with  temperature,  but  the  variation  was  found  to  be  small 
over'the  range  of  temperatures  which  normally  existed  in  the  laboratory. 
Cý 
To  obviate  any  temperature  effects  however,  samples  were  tested  for 
strength  immediately  prior  to  uplift  resistance  testing,  to  ensure 
that  the  temperature  of  the  glyben  was  the  same  during  the  strength 
tests  as  during  the  uplift  re'sistance  tests.  The  strength  of  the 
modified  Grangemouth  clay  was  found  to  be  independent  of  temperature, 
in  the  range  which  existed  in  the  laboratory.  Glyben  was  found  to  be 
55 hygroscopic  in  the  Iong-term,  due  to  the  glycerine  contentg  and  was  U 
consequently  stored  inside  polythene  sheeting  in  a  dry  atmosphere. 
4-3.  A  Description  of  the  Apparati  used  in  the  Uplift  Resistance  Tests 
A.  Description  of  Loadi 
In  chapter  1,  two  variations  of  the  uplift  resistance  problem 
were  illustrated,  namely  the  hirgh-mast  foundation  (pullout)  problem 
and  the  shaft-raising  (pushout)  problem.  In  the  high-mast  foundation 
situation,  the  loading  on  the  anchor  is  termed  load-controlled,  whereas 
in  the  shaft-raising  (jacking-out)  operation,  the  loading  which  is  pro- 
vided  by  the  jack  is  termed  displacement-controlled.  Load-controlled 
loading  is  where  discrete  loads  are  applied  to  the  anchor,  and  displace- 
ment-controlled  loading  is  where  the  anchor  is  displaced  by  discrete 
or  continucus  amounts.  A  model  uplift  resistance'apparatus  must  be 
capable  of  simulating  not  only  pullout  and  pushout  testing  but  also 
load-controlled  and  di'Splacement-controlled'loading. 
B.  General  Apparatus 
The  primary  purpose  of  this  apparatus  was  to  provide  a  means  for 
determining  the  load-displacement  relationships  of  the  samples  of  clay 
under  test,  up  to  and  beyond  ultimate  uplift  resistance,  and  for  the 
examination  of  the  surface  deformation  of  the  samples'during  the  test. 
The  apparatus  is  illustrated  in  Figs.  4.3  and  4.4.  Fig.  4.5  (a)  and 
Pig.  4.5  (b)  show  photographs  of  the  set-up  which  is  illustrated  in 
Pig-.  4-4  (a),  although  the  box  in  the  photograph  is  the  split-box,  C-1 
which  is  described  in  part  C  of  this  section. 
The  soil  wns  compacted  into  one  of  three  deep  perspex  boxes  whose 
base  dimensions  were  300  mint  500'mm.  and  900  mm  square.  The  box  was 
supported  by  a  metal  frame  beneath  which  was  the  motor,  gearbox  and 
converter  unit  for  displacement-controlled  tests.  For  pullout  tests, 
the  loading  was  applied  via  a  system  of  pulleys  attached  to  a  portal 
frame  above  the  box.  The  round  anchor  plate  could  be  positioned  at  any 
56 height  above  the  base  of  the  box.  Any  suction  effect  which  was 
generated  below  the  anchor  during  the  test  could  be  eliminated  by 
enabling  atmospheric  pressure  to  penetrate  to  the  void  below  the 
anchor  via  a  thin  tube  which  connected  a  small  hole  through  the  base 
of  the  box  to  the  anchor  plate.  The  anchor  plates  were  constructed  of 
brass  or  steel  and  had  smooth  polished  faces.  The  diameters  of  these 
plates  ranged  from  25  mm  to  200  mm  with  the  smaller  anchor  plates  (25  mm 
m  diameter)  being  3  mm  thick,  the  larger  ones  6  mra  thick.  For  to  100  mi 
a  particular  tent,  the  size  of  the  box  was  chosen  to  give  a  suitable 
D 
ratio  of  box-base  to  anchor  diameter.  In  shallow  tests  with 
YB 
less  than  or  equal  to  2,  Sc,  /B  ratios  of  the  order  of  4  (in  very 
shallow  tests)  to  8  were  used.  In  the  deeper  tests,  larger  B-/B 
ratios  were  required  because  of  possible  boundary  effects,  and  silicone 
grease  was  applied  or  PTFE  sheets  were  provided  between  the  clay  and 
the  perspex  box  sides  to  minimise  these  effects.  For  displacement- 
controlled  tests,  the  anchor  displacement  rates  could  be  varied  by  an 
alteration  of  the  gearing  in  the  gearbox.  A  Wykeham,  Farrance  rotating 
bush  was  empl9yed  in  pushout  tests  to  ensure  that  friction  on  the 
pushout  piston  was  reduced  to  a  minimum.  Vibration  in  the  apparatus 
was  minimised  by  the  positioning  of  feam-rubber  insulation  beneath  the 
motor  for  the  loading  mechanism,  tlTe  motor  for  the  rotating  'bush  and 
the  printout  apparatus. 
The  apparatus  could  be  simply  adjusted  for  four  combinations  of 
testing  and  loading: 
(a)  Pushout  test  with  displacement-controlled  loading  as  illustrated 
in  Fig.  4.4  (a). 
(b)  Pushout  test  with  load-controlled  loading  as  illustrated  in 
Fig.  4.4.  (b) 
(C)  Pullout  test  with  displacement-controlled  loading  as  illustrated 
in  Fis'.  4.5. 
57 (d)  Pullout  test  with  load-controlled  loading.  If  the  threaded  cable- 
end,  shown  as  (D  in  Fig.  4-3  was  detached  from  the  lever  arm,  a 
weight-carrier  and  weights  could  be  attached  to  the  cable-end  for 
the  load-controlled  test. 
Two  methods  were  employed  to  measure  the  surface  deformations  of 
the  soil  during  uplift  resistance  testing.  In  the  majority  of  tests  a 
series  of  displacement  transducers,  attached  to  a  gantry  above  the  box, 
measured  continuously  during  the  test  the  vertical  displacements  at 
selected  points  on  the  surface  of  the  clay  as  shown  in  Fig.  4.5  (b). 
In  three  tests,  a  time-lapse  movie-camera  was  used  to  record,  at  one 
second  intervals,  the  surface  displecements  during  the  test.  The  load 
on  the  anchor  was  measured  by  a  load  cell.  Details  of  this  cell,  the 
displacement  transducers  which  recorded  the  anchor  displacement  and  the 
surface  defomations,  and  the  data  processing,  printing  and  punching 
equipment  are  given  in  Appendix  B. 
C.  Split-Box  Apparatus 
The  primary  purpose  of  this  apparatus  was  to  provide  a  method  for 
examining  the  displacements  and  cracking  patterns  (if  any)  which  existed 
within.  the  soil  mass  after  the  completion  of  an  uplift  resistance  test. 
The  apparatus  is  illustrated  in  Figs.  4.5,4.6  and  4.7.  The  basic 
difference  from  the  general  apparatus  occurred  in  the  box  construction. 
The  perspex  box  was  constructed  in  separate  halves,  which,  when  joined 
to-ether,  gave  base  dimensions  of  600  nun  square  and  a  height  of  450  mm- 
The  base  of  each  box-half  was  attached  to  a  separate  aluminium.  base 
plate.  One  of  these  base  plates  was  bolted  permanently  to  a  large 
aluminium  plate  which  was  attached  to  the  supporting  frame.  The  other 
base  plate  was  free  to  swivel,  about  ahinSc-pin,  on  a  layer  of  ball- 
bearings  which  were  placed  between  the  base  plate  and  the  large  aluminium 
plate.  During  the  compaction  of  the  soil  and  the  subsequent  testingo 
the  box-halves  were  clamped  together  and  the  set-up  was  similar  to  that  C.  ) 
58 of  the  general  test.  It  was  essential  that,  after  the  completion  of  a 
test,  the  soil  in  the  box  was  split  apart,  as  opposed  to  being  cut  apart 
by  a  wire  saw.  The  former  arrangement  ensured  that  details  of  soil  C> 
texture  and  of  cracking  in  the  soil  were  not  obscured  by  the  smearing 
effect  produced  by  a  wire  saw  on  soft  clays.  'The  photograph  in  Fig. 
4-15  shows  that  all  of  the  details  of  sbil  texture  on  the  extreme 
left-hand  side  of  the  picture  have  been  removed.  This  was  where  a 
wire  saw  was  used  and  is  in  contrast  to  the  rpst  of  the  clay  face" 
where  the  soil  Was  "split"  rather  than  cut. 
After  the  completion  of  the  test,  the  clamps  were  removed'and  the 
two  halves  of  the  box  were  jacked-apart,  one  half  rem  I aining  fixed,  and 
the  other  half  swivelling  about  the  hinge-pin.  By  this  method,  a  face 
of  coil  on  a  vertical  plane  which  passed  through  the  centre  of  the 
anchor  plate  could  be  exposed.  As  an  alternative  to  splitting  the  soil 
by  the  swivelling  action,  the  two  halves  of  the  box  could  be  pulled 
apart  directly.  In  order  to  achieve  this,  one  box-half  was  freed  from 
its  aluininium,  base  plate  and  was  then  slid  directly  backwards  over  a 
layer  of  ball-bearings  which  were  placed  between  the  base  of  the 
perspex  box  and  the  aluminium  base  plate.  To  facilitate  slidingg  CJ 
the  metal  box-side  supports  were  coated  with  PTFE.  These  side  supports 
were  a  necessary  part  of  the  apparatus  since  the  split  box  arrangement 
offered  no  resistance  to  bulging  of  the  box  sides  when  the  box  was 
filled  with  clay.  Fig.  4.1  shows  the  swivelling  and  the  di=ect 
Splitting 
.. 
actions  in  diagrammatic  form. 
4-4-  Methods  of  Prenaration  of  Samples  for  Uplift  Resistance  Tests 
A.  Tests  which  uscd  the  Goneral  A 
Glyben  tests.  Two  methods  of  preparing  the 
Cglyben  samples  were 
employed.  In  the  first  methodv  the  glyben  was  kneaded  manually  into 
the  box.  Phis  was  a  time-consuming  process  which  required  great  care 
to  ensure  that  as  little  air  as  possible  was  entrapped  in  the  clay. 
59 The  samples  which  were  prepared  by  this  method  were  termed  "layered" 
samples.  In  each  box,  a  series  of  laboratory  vane  tests  to  measure  the 
shear  strength  of  the  glyben  were  conducted  at  various  stages  of  com- 
paction.  The  results  of  these  tests  showed  that  a  consistent  strength 
of  glyben  could  be  achieved  throughout  the  sample.  prepared  in  -this 
manner.  Initial  uplift  resistance  tests  and  strength  tests  revealed 
that  the  bond  in  tension  between  the  kneaded  layers  in  samples  of  this 
material  was  weaker  than  in  equivalent  sarples  of  unlayered  material. 
In  order  to  remove  this  weak  tension  bonding  effect  caused  by  the 
Ca 
layering  of  the  glybeno  a  sccond  method  of  compaction  was  devised.  An 
approximately  cubical  block  of  glyben  was  made  upt  outside  the  box,  by 
kneading  together  small  balls  of  the  clay  in  a  manner  which  ensured 
there  was  no  preferred  direction  of  compaction.  The  block  was  kneadedl 
rolled  and  handled  until  it  was  considered  to  be  homogeneous  and 
isotropic.  The  cubical,,  blockg  which  had  sides  of  the  order  of  three 
timcs  the  diameter  of  the  anchor  plate,  was  then  placed  in  the  box,  on 
top  of  the  anchor  plate.  The  remaining  clay  in  the  box  was  then  com- 
pacted  by  the  "layering"  method.  The  samples  which  were  prepared  by 
this  method  were  termed-Ilnon-layered"  samples. 
Modified  Grangemouth  clay  tests.  It  was  found  that  samples  which 
were  prepared  by  the  "layering"  metbodo  i.  e.  by  the  manual  kneading  of 
the  clay  into  the  box,  did  not  exhibit  the  loss  of  tension  bond  between 
layers  which  was  shown  by  "layered"  glyben.  This  iras  the  only  method 
of  compaction  adopted  for  this  material.  Samples  of  this  clay  were 
always  prepared  and  stored  in  a  high  humidity  room  in  order  to  minimise 
any  loss  of  moisture  in  the  soil  due  to  evaporation,  and  were  only  transferred 
to  the  testing  rig  immediately  prior  to  tosting.  0UU 
B.  Tests  which  used  the  Split-Bcx  Apparatus 
Glyben  tests.  Tests  which  used  the  split-box  apparatus  were 
divided  into  two  basic  categories:  (a)  tests  in  which  coloured  layers 
60 were  not  inserted  into  the  clay  during  sample  preparation;  (b)  tests 
in  which  coloured  layers  were  inserted  into  the  clay  during  sample 
preparation. 
(a)  No  coloiired  layers.  The'primary  purpose  of  this  test  was  to 
examine  any  cracking  pattern  in  the  clay  which  resulted  from  the 
upward  displacement  of  the  anchor.  One  sample  of  glyben  was 
tested'in  this  manner  and  was  prepared  by  the  "layered"  method  of 
compaction  described  earlier.  After  the  completion  of  the  testo 
the  box  was  split  open  and  the  cracking  pattern  on  the  exposed  clay 
face  was  examined  and  photographed.  As  vrith  the  other  tests,  the 
results  of  this  test  will  be  presented  in  sections  4.6  and  4.7  of 
this  cbapter. 
Coloured  layers.  Vhere  coloured  layers  were  required  in  the 
clay  to  demonstrate  the  internal  movement  of  the  clay  due  to 
anchor  displacement,  variations  of  the  "layered"  and  "non-layered" 
techniques  of  compaction  were  devised.  When  glyben  wasýkneaded 
into  the  box  by  hand,  approximately  horizontal  layers  of  the  clay 
were  formed.  Howeverp  it  was  recognised  by  the  author  that  the 
simple  compaction  of  alternate  different  coloured  layers  would  not 
produce  the  desired  horizontal  layering  appearance.  In  addition, 
this  method  precluded  the  insertion  of  vertical  coloured  layers 
into  the  clay  in  order  to  produce  a  "grid-iron"  effect.  Since  the 
model  tests  being  conducted  by  the  author  were  axially-symmetric 
(assuming  the  clay  in  the  square  box  to  be  a  cylinder  whose  diam- 
eter  was  the  width-of  the  box)  it  was  considered  by  the  author  that 
complete  layers  of  coloured  clay  were  unnecessary  and  that  only 
thin  strips  of  coloured  clay,  inserted  on  any  vertical  plane  which 
passed  through  the  centre  of  the  anchor,  were  required.  Two 
different  methods  of  inserting  horizontal  and  vertical  coloured 
strips  into  the  clay  were  devised. 
61 The  first  method,  illustrated  in  Figg-  4.81  did  not  make  use 
of  the  split-box  apparatus.  The  glyben  was  compacted  into  a  box 
U 
by  the  "layered"  method  of  compaction.  The  box  was  similar  to 
that  used  in  the  general  apparatus  except  that  the  anchor  plate, 
the  rotating  bush  and  the  piston  were  located  in  the  centre  of  U 
I  one  side  of  the  box  instead  of  on  the  base.  'The  glyben  was  com- 
pacted  to  a  level  mid-way  up  the  anchor  plate.  At  this  stage, 
strips  of  coloured  glyben  were  inserted  into  the  surface  of  the 
clay  in  a  "grid-iron"  pattern  as  shown  in  Fig.  4.8  (a).  The 
glyben  was  then  compacted  up  to  the  'top  of  the  box,  much  care 
beinc  taken  not  to  disturb  the  position  of  the  coloured  strips, 
as  shown  in  Fig.  4.8  (b).  The  box  was  then  rotated  through  an 
angle  of  90  0 
so  that  the  side  which  contained  the  anchor  platep 
rotating  bush  and  piston  formed  the  base  of  the  box.  The  layer 
which  contained  the  coloured  strips  was  then  on  a  vertical  plane 
which  passed  through  the  centre  of  the  anchor.  The  side  which 
formed  the  closed  top  of  the  box  (side  @)  was  removed  and  placed 
on  the  open  side  which  had  previously  been  the  open  top  of  the  box, 
as  illustrated  in  Fig.  4.8  (c).  The  pushout  test  was  then  per- 
formed  and  afteniards  the  glyben  was  carefully  removed  to  reveal 
the  displaced  coloured  layers  and  cracking  patterns  in  the  clay,  as 
shown  in  Fig.  4.8  (d).  The  samples  which  were  prepared  by  this 
method  were  termed  "rotated-box"  samples.  A  series  of  five  tests 
was  performed  using  this  method  and  one  test  was  performed  using  Cý 
this  method  of  compaction  and  rotation  but  without  the  insertion 
of  the  coloured  strips. 
The  second  nethod  of  inserting  coloured  strips  used  the  split-  U 
box  apparatus  and  one  sample  of  glyben  was  prepared  and  tested. 
The  sample  was  compacted  into  the  box  by  the  "layered"  method.  It 
was  then  cut  in  half  by  a  wire  saw  and  the  halves  of  the  box  were 
62 unclamped  and  pulled  apart  using,  the  swivelling  action  of  the 
split-box  apparatus.  Horizontal  and  vertical  strips  of  coloured 
Slylten  were  inserted  into  one  of  the  exposed  clay  faces.  The 
halves  of  the  split-box  were  then  clamped  to-ether  affain  and  the 
UU 
test  was  commenced.  After  completion  of  the  test,  the  box  was 
I  split  open  and  the  displaced  coloured  layers  and  internal  cra&k.  ing 
were  examined  and  photographed.  The  sample  which  was  prepared  by 
Q 
this  method  was  termed  the  "split-box  coloured  layer"  sample. 
Modified  Grangemouth  clay.  No  coloured  layer  tests  were  performed 
in  this  clay.  Howcver,  one  sample  was  prepared  by  tho  "split-box 
coloured  layer"  method  with  the  coloured  layers  omitted.  The  cracking 
pattern  in  the  exposed  face  of  the  clay  vras.  examined  and  photographed  Cý 
after  the  completion  of  the  test. 
4.5.  Tests  to  Measure  the  Strength,  Bulk  Density  and  Volime  Change. 
of  the  Clay  Samples 
The  bulk  densities  of  each  of  the  four  batches  of  glyben  and 
the  batch  of  modified  Grangemouth  clay  were  measured  by  compacting 
them  into  six-inch  ccncrete  cube  moulds,  whých  provided  an  extremely 
accurate  measure  of  volume,  and  calculating  the  net  weight  of  the  clay 
in  ihe'mould.  The  samples  were  compacted  in  either  a  "layered"  or 
"non-layered"  manner  to  simulate  compaction  of  the  clays  in  the  uplift 
resistance  tests.  No  difference  was  found  between  the  bulk  densities 
of  the  "layered"  and"non-layered"  samples.  The  bulk  densities  of  tile 
batches  of  clay  are  given  in  Table  4.2. 
The  values  of  the  strengths  of  the  clays  were  measured  by  labora- 
Cý 
tory  vane  tests,  undrained  triaxial  compression  tests  and  tension  tests. 
.  procedures  are,  given  in  Appendix  C.  Details  of  the  equipment  and  testing 
Because  of  the  dimensional  considerations  which  wcre  discussed  in.  chap- 
ter  3,  the  clays  were  prepared  in  order  to  give  low  values  of  shear 
strength,  which  allowed  them  to  be  compacted  manually  for  use  in  the 
U 
63 model  uplift  resistance  test  samples.  Below  a  value  of  shear  strength 
of  the  order  5  kjj/m2  ,  the  clays  became  sticky  and  viscous  and  were 
difficult  to  handle  and  compact.  Above  a  value  of  shear  strength  of 
the  order  of  15  kN/m2,  the  clays  became  too  stiff  for  manual  compaction. 
Table  4.2  shows  a  summary  of  the  strength  values  obtained  for  the  two 
clays  by  the  various  strength  testing  procedures.  The  results  of  these 
U  Cj 
tests  will  be  discussed  fully  in  chapter  6.  -includ4d'  Fig'  4.9.  is 
at  this  stage  to  show  representative  curves  of  values  of  deviatoric 
stresý  versus  strain,  plotted  from  the  results  of  tests  to  measure  the 
compressive  strength  and  tensile  strenigth  of  glyben.  Fig.  4.10  shows  similar 
curves  for  modified  Grangemouth  clay. 
Standard  Volume  Change  Measurement  tests  were  conducted  on  samples 
of  glyben  and  modified  Grangemouth  clay  to  investigate  the  possible  0V 
significance  of  the  small  amount  of  air  entrapped  in  the  uplift  resist- 
ance  test  samples  during  compaction.  Details  of  these  experiments  and 
the  test  samples  are  given  in  Appendix  D.  The  volume  change  of  the 
sample  was  mea-sured  under  two  separate  forms  of  loadingq  namely  a 
,e 
in  cell  pressure  and  an  axial  (deviatoric)  loading.  Fi  chang  P,  4.11 
illustrates  the  relationship  between  the  cell  pressure  applied  to  the 
samples  and  the  resulting  percentage  change  in  the  volume  of  the 
samples.  The  significance  of  these  volume  changes  will  be  discussed  in 
chapter  6.  Deviatoric  stresses  were  applied  to  the  samples  up  to 
failure,  but  did  not  cause  any  measurable  volume  change  in  either 
glyben  or  modified  Grangemouth  clay.  Cý 
4.6.  Details  of  Unlift  Resistance  Testing  Program  performed  bv  the  Author 
A  total  number  of  65  model  uplift  resistance  tests  were  performed 
by  the  author,  and  details  of  the  testing  program  are  shown  in  Table  Q 
4.3.  The  majority  of  tests  were  displacement-controlled  pusholit  tests 
since  a  considerably  greater  de,  -,  -ree  of  control  could  be  exercised  over 
the  location  of  the  anchor  plate  in  the  pushout  tests.  In  addition, 
64 the  soil  above  the  anchor  in  these  tests  could  be  compacted  more 
easily,  due  to  the  absence  of  the  anchor  shaft  necessary  in  pullout 
tests.  '11is  was  of  particular  importance  in  the  "non-layered" 
compaction  of  glyben. 
One  shallow  and  one  deep  model  anchor  pullout  test  were  donducted 
in  rr  layered"glyben  with  the  suction  effect  eliminated,  and  one  shallow 
and  one  deep  model  anchor  pullout  test  were  conducted  with  the  suction 
effect  included.  In  addition,  a  pullout  test  using  only  the  anchor 
shaft  was  performed  in  order  to  calculate  the  value  of  the  adhesion 
between  the  shaft  and  the  glyben.  This  value  of  adhesion  was  subtracted 
from  the  values  of  the  ultimate  uplift  resistance  of  the  non-suction 
'pullout  tests  and  the  resulting  adjusted  values  of  ultimate  uplift 
resistance  of  these  tests  were  found  to  be  similar  to  the  values'of 
ultimate  uplift  resistance  for  the  equivalent  non-suction  pushout 
tests.  Similarity  between  the  mechanisms  of  pushout  and  pullout  had 
previously  been  hypothesized  in  chapter  1,  and,  in  view  of  the  similar 
pushout  and  pullout  results,  it  was  considered  by  the  author  unnecess- 
ary  to  perform  any  additional  pullout  tests. 
In  the  load-controlled  tests  in  glyben,  as  the  clay  neared  its 
ultima.  te  uplift  resistance,  the  effects  of  creep  in  the  glyben  on 
the  displacement  of  the  anchor  were  noted.  These  creep  effects  are 
discussed  in  chapter  6.  Two  load-controll  ed  pushout  tests  (one  shallow 
anchor  and  one  deep  anchor  test)  were  performed  in  "layered"  glyben  in 
order  to  compare  the  results  with  equivalent  displacement-controlled 
tests.  No  load-controlled  tests  were  conducted  in  modified  Granoemouth 
clay.  In  view  of  the  argument  presented  in  the  previous  paragraph,  no 
load-controlled  pullout  tests  were  conducted  in  ",,  lyben. 
The  majority  of  the  tests  which  used  the  general  apparatus  were 
conducted  with  the  anchor  plate  located  at  the  base  of  the  box  at  the 
start  of  the  test.  However,  a  number  of  tests  were  carried  out  with 
the  anchor  Plate  located  above  the  base  of  the  box,  in  order  to  test 
65 whether  there  was  any  significant  difference  in  the  results.  In  the 
"rotated-box"  tests,  the  anchor  plate  had  to  be  located  at  the  base  of 
the  box  at  the  start  of  each  test.  In  all  of  the  split-box  tests,  the 
anchor  plate  was  located  above  the  base  of  the  box. 
4.7.  Presentation  of  Uplift  Resistance  Test  Results 
In  this  section  the  details  and  results  of  the  model  uplift  re- 
sistance  tests  which  were  conducted  by  the  author  will  be  presented. 
The  results  of  these  tests  will  be  compared  and  discussed  in  chapter  6. 
Table  4.4  gives  a  summary  of  the  details  and  the  results  of  all 
of  the  model  uplift  resistance  tests  which  were  performed  by  the  author. 
The  table  includes  details  of  the  soilq  anchor,  and  box  parameters  of 
each  test,  i.  e.  the  anchor  plate  diameter  the  width  of  the  base  of 
the  box  Bc. 
0  the  bulk  density  of  the  clay  ,  and  the  value  of  shear 
strength  of  the  clay  Cý  which  was  measured  by  laboratory  vane  test  in 
each  box  prior  to  testing.  The  dimensionless  ratios  0/9.9B 
, 
%3D 
P 
and  YB  are  also  included.  The  ultimate  uplift  resistance  pressure 
P,  for  each  test  and  the  resulting  values  of 
P, 
&/YBD  and  the  ultimate 
uplift  resistance  factor  F,,,  are  shown.  The  displacement  of  the 
anchor  at  any  stage  of  the  test  is  symbolised  by  do,  'and  the  dis- 
placement  of  the  anchor  at  ultimate-uplift  resistance  CLO.  (,.,  )  in 
each  test  is  given  in  the  table.  The  last  column  of  the  table  gives  C13 
values  of  the  ratio 
do.  at  0.0,  for  each  test.  G1,3,  at  O-cl  B 
PIA 
represents  the  am6unt  of  displacement  which  the  anchor  has  undergone 
from  the  start  of  the  test  until  the  uplift  resistance  of  the  soil  is 
at  90',  "'a  of  its  ultimate  value.  The  values  of  d,  at  O-q  P,  were 
obtained  from  the  uplift  resistance  pressure  versus  the  anchor  dis- 
placement  curves  uhich  were  calculated  for  each  test.  The  value  of 
d.,  at  0-  9  ý,  is  used  instead  of  the  value  of  do,  at  P,  since, 
as  the  ultimate  uplift  resistance  of  the  clay  was  approached  in  each 
test,  very  large  increments  of  anchor  displacement  occurred  for 
66 correspondingly  small  increments  in  the  value  of  uplift  resistance  and 
the  precise  value  of  anchor  displacement  at  ultimate  uplift  resistance 
was  difficult  to  estimate. 
The  results  of  the  uplift  resistance  tests  can  be  divided'into 
three  sections  for  presentation  purposes. 
A.  'Measurement  of  internal  and  surface  displacement  and  cracking 
in  the  clay. 
B.  Relationship  between  uplift  resistance  and  anchor  displacement 
during  the  tests. 
C.  Values  of  ultimate  uplift  resistance  of  the  clays. 
The  order  in  which  the  results  are  presented  in  this  chapter  will  be 
the  order  in  which  they  are  discussed  in  chapter  6. 
A.  Measurement  of  Tnternal  atid  Surface 
Deformation  and  Cracking  of'the  Clay 
Internal  deformation  and  ciackinj  measurcm6ht  of  the  clay.  '  It  was 
considered  that  a  knowledge  of  the  deformation  and  cracking  patterns 
which  existed  within  the  clay  at  ultimate  uplift  resistance  would 
assist  in  determining  the  mechanism  of  ultimate  failure  of  the  clay. 
An  interpretation  of  the  sample  cross-sections  which  are  shown  in  the 
photographs,  described  in  the  following  paragraph,  is  made  in  chapter  QU 
6  in  terms  of  the  mechanism  of  ultimate  failure  of  Lhe  samples. 
Fig.  4.12  shows  a  photograph  of  the  displacement  of  the  coloured 
strips  and  the  cracking  within  a  sample  of  Slyben  at  ultimate  uplift 
resistance  on  a  section  taken  through  the  centrQ  of  the  anchor  plate 
(test  Do.  49  with  D/B 
-  1.6). 
C>  .  13  and  4.14'illustrate  the  Fias.  4 
corresponding  displacements  and  cracking  patterns  at  ultimate  uplift 
resistance  for  values  of  IYB 
=3  in  test  no.  50  and  D/B 
=  4.5  in 
test  no-  52  respectively.  These  three  samples  were  prepared  by  the 
"rotated-box"  method.  Fis,  4.15  shows  a  photograph  of  the  crackinr,, 
which  occurred  at  ultimate  uplift  resistance  within  "layered"  glyben  in 
test  no-  53  with  D/S 
-  1-5,  prepared  without  coloured  strips  in  the 
67 split-box  apparatus.  Fig.  4.16  Shows  a  photograph  of  the  displacement 
of  the  coloured  strips  and  the  cracking  which  occurred  at  ultimate 
uplift  resistance  within  "layered"  glyben  test  no-  54  with 
D/S  1.59 
prepared  in  the  split-box  apparatus.  Fig.  4.17  shows  a  photograph  of 
the  cracking  which  occurred  at  ultimate  uplift  resistance  within  the 
sample  of  modified  Grangemouth  clay  in  test  no.  65  with 
D/B 
=  1.42, 
prepared  without  coloured  strips  in  the  split-box  apparatus. 
Measurement  of  deformation  and  crackin!  -7  on  the  surface  of  the  clay. 
It  was  considered  that,  in  addition  to  a  knowledge  of  the  intornal 
deformation  and  crackin-  within  the  clay,  a  knowledge  of  the  deformation 
and  cracking  patterns  which  occurred  at  the  surface  of  the  clay  during 
testing  would  assist  in  determining  the  mechanism  of  ultimate  failure 
of  the  clay.  An  interpretation  and  discussion  of  the  results  which 
are  described  in  the  following  paragraphs  are  given  in  chapter  6. 
Before  the  ultimate  uplift  resistance  of  the  clay  was  reached  in 
D/- 
shallow  anchor  tests  with  /13  less  than  approximtely  2,  considerable 
surface  deformation  and  surface  crackin,  occurred  in  the  samples  of  U 
both  glyben  and  modified  Grangemouth  clay.  In  tests  in  the  intermediate 
rang 
D/- 
,e  of  depths  with  /13  values  from  approximately  2  to  4.5,  consider- 
ably  less  surface  deformation  and  cracking  were  observed,  and  in  the 
deep  anchor  tests  with  D/jj3  greater  than  approximately  4.5,  no  surface 
cracking  was  noted  and  very  little  surface  deformation  was  recorded 
before  ultimate  uplift  resistance. 
The  symbol  ct,,  is  used  to  represent  the  vettical  displacement  of 
the  sample  surface  directly  above  the  centre  of  the  anchor  plate. 
y  D/  for  each  Fig.  4.18  illustrates  the  values  of  d"  0&  C)-q-P 
r 
. 
Cto,  O-t  0-9 
displacement-centrolled  model  uplift  resistance  pushout  test  performed 
by  the  author.  CL  C&  O-q  is  the  ratio  of  the  surface  displace- 
C(O_  0-t  0.9 
ment  above  the  anchor  plate  to  the  displacement  of  the  anchor  plate 
68 at  9VIj  of  ultimate  uplift  resista- 
of  the  ultimate  uplift  resistance 
outlined  at  the  beginning  of  this 
has  been  drawn  through  the  points  U 
"layered"  glyben  in  Fig..  4.18. 
In  shallow  anchor  tests,  the 
nce.  Values  of  displacement  at  90'14- 
of  the  clay  were  chosen  for  reasons 
section.  The  best-fitting,  curve 
which  represent  the  results  for 
deformed  surface  of  the  sample  took 
the  form  of  6-bulge  (which  exhibited  considerable  cracking)  as  the 
ultimate  uplift  resistance  of  the  clay  was  approached.  Fig.  4.19 
shows  photographs  of  the  surfr-ce  of  a  sample  of  "layered"  glyben  in 
both  elevation  (Fig.  4.19(a))  and  plan  (Fig.  4.19  (b))  at  an  anchor 
displacement  of  2.6  times  the  displacement  to  ultimate  uplift  resist- 
ance.  In  those  uplift  resistan6e  test7s  in  which  the  sizes  and  shapes  of 
the  surface  bulges  were  clearly  defined,  the  diameters  of  the  surface 
bulges  or  were  measured  and  are  shown  in  Pig.  4.20,  plotted  as  'Af/B 
v  D/B 
B.  Rp3ationship  between  Uplift  Resistance  and 
Anchor  Displacement 
Since  a  knowledge  of  the  amount  of  anchor  displacement  corres- 
ponding  to  various  levels  of  anchor  load  is  essential  in  both  the 
high-mast  foundation  and  jacking-out  situations,  it  was  considered 
important  that  the  curves  which  depicted  the  extent  to  which  various 
factors  influenced  the  load-displacement  relationship  between  anchor 
and  clay  be  included.  An  interpretation  of  the  curves  which  ate 
described  in  the  following  parag  ., 
raphs  will  be  given  in  chapter  6. 
As  described  in  chapter  3,  the  uplift  resistance  of  the 
clay  can  be-repiesented  by  the  dimensionless'uplift  resistance  factor 
where  F  The  displacement  of  the  anchor  do_  is  shown  in 
C. 
terms  of  the  dimensionless  ratýio  Cla/,,  -  Pit").  4.21  illustrates 
representative  curves  of 
ýV  ca/B  for  a  shallow,  an  intermediate 
depth  and  a  deep  anchor  test  in"Jayered"Co.  -  4.22  and  Fi...  -lyben.  Fig 
C. 
terms  of  the  dimensionless  ratýio  Fit").  4.21  illustrates 
4.23  depict  FV  cto.  /,,  for  "non-layered"  glyben  arid  modified  Grangemouth 
69 clay  resPectively. 
Pie.  4.24  illustrates  the  difference  between  values  of  the  uplift 
resistance  factor  versus  the  anchor  displacement  ratio  denonstrated, 
by  shallow  anchor  pullout  tests  in  "layered"  glyben  with  D/B 
=  1.5, 
where  one  test  was  ccnducted  with  the  suctional  effect  acting  below 
the  anchor  (test  no.  43),  and  one  test  was  conducted  without  it  (test 
no.  41).  Ficg-  4.25  shows  the  FV  clo-/B  curve  for  load-controlled  test 
no.  46  with 
D/B 
=  4.5,  ccmpared  to  the  curve  for  an  equivalent 
displacement-controlled  test  (test  no.  26). 
In  each  test  which  was  performed,  it  was  observed  that  the  amount 
of  anchor  displacement  which  occurred  before'the  ultimate  u-Plift  re- 
sistance  of  the  clay  was  reached  varied  with  the  D  ratio  of  the  YB 
test,  with  the  clay  type,  and  with  its  method  of  compaction.  Fig. 
4.26  illustrates  the  dimensionless  ratio  cý  O-t-  0`1  P-,,  plotted 
B 
a-ainst 
Dlo  for  each  of  the  displacemcnt-controlled  model  uplift  ID  13 
tests.  (The  numbers  of  the  points  on  the  graph  denote  the  test 
numbers).  In  Pia,.  4.269  three  best-fitting  curves  have  been  drawn 
U 
through  the  points  which  represent  the  results  of  the  tests  in 
"layered"  glyben,  "non-layered"  and  "rotated-box"  glyben,  and  modified 
Gran"emouth  clay. 
C.  Values  of  Ultimnte  Uplift  Resistance 
, 
of  the  Clays 
One  of  the  prima3ypurposes  of  the  present  investigation  was  to 
find  the  values  of  the  ultimate  uplift  resistance  of  purely  cohesive 
soils  at  various  depths,  and  to  investigate  the  factors  which  influenced 
these  values.  The  results  which  are  presented  in  the  following  para- 
graphs  are  discussed  fully  in  chapter  6. 
As  was  mentioned  in  chaPter  3,  a  series  of  model  tests  in  "layered" 
glyben  were  conducted  with  the  purpose  of  finding  the  values  of  0 
IA.  /K3 
which  ccrresponded  to  a  range  of 
D/13 
values  and  selected  values  of  C.  ) 
49D 
-  Piul-  4.27  depicts  the  curves  of  ILI/Y3  r-  D  "'  CIYS 
Dv  DX, 
70 which  were  obtained  from  these  tests.  (The  numbers  of  the  points  on 
the  graph  denote  the  test  numbers).  The  shear  strengths  of  the  samples 
of  glyben  and  the  anchor  dimensions  were  chosen  in  order  to  provide 
values  of 
P"/YD  Y  D/13  for  ClyD  values  of  1.75,2.5  and  3.7. 
Because  of  slight  variations  in  the  strengths  of  the  glyben  in  differ- 
ent  tests,  the  values  of  %,  D  were  not  always  exactly  those  reQuired, 
as  can  be  seen  from  Table  4.4.  The  values  of 
KL/98D  in  Fie.  4.27 
have  been  adjusted  to  make  the  corresponding  values  of  D 
exactly  1.75,2.5  or  3.7  by  assuming  P,,  to  be  proportional  to  C 
The  values  of  the  ultimate  uplift  resistance  factor  F,  versus 
D/B  for  the  complete  program  of  model  uplift  resistance  tests  performed 
by  the  author  are  shown  in  Fig.  4.28  Fig.  4.29  shows  the  values  of 
V  for  all  of  the  tests  in  which  the  value  of  D/12,  was  less 
than  2.1.  In  both  figures,  three  best-fitting  curves  have  been  drawn 
through  the  points  which  represent  the  results  of  tests  in  "layered" 
glyben,  "non-layered"  and  "rotated-box"glyben,  and  nodified  Grangemouth 
clay. 
In  this  chapter,  details  of  the  uplift  resistance  model  tests 
which  were  conducted  by  the  author  have  been  outlined  and  the  results 
from  these  tests  have  been  present6d.  The  results  will  be  compared 
and  discussed  in  chapter  6.  In  chapter  5,  a  description  of  the  finite 
element  analysis  for  the  uplift  resistance  problem  will  be  given  and 
the  results  from  the  analysis  will  be  presented. 
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FINITE  EIMIENT  ANALYSIS 
5-1-  Introduction  I 
The  details  and  the  results  of  the  laboratory  investig-ations  con- 
ducted  by  the  author  were  outlined  in  chapter  4.  These  results  includ- 
ed  plots  of  the  load-displacement  relationsl-,  ip  of  clay  samples  measur- 
ed  during.  uplift  resistance  tests,  the  measurementlof  the  values  of 
ultimate  uplift  resistance  of  the  clay  samplesq  the  measurement  of  the 
surface  deformation  of  the  samples  during  the  tests  and  the  examination 
of  the  internal  displacement  and  cracking  in  the  samples  at  ultimate 
uplift  resistance.  Howeverg  measurements  were  not  taken  to  determine 
the  magnitude  and  distribution  of  stresses  in  the  samples  during  the 
uplift  resistance  tests  and  no  method  was  devised  to  determine  experi- 
mentally  the  manner  in  which  the  clay  in,  the  vicinity  of  the  anchor 
yielded  plastically  during,  the  tests.  In  addition,  the  internal  dis- 
placement  of  the  clay  could  only  be  estimated  approximately  and  only 
after  the  completion  of  each  test.  It  was  therefore  considered  approp- 
riate  to  develop  a  method  of  analysis  in  which  the  displacements  and 
stresses  in  both  the  elastic  and  plastic  regions  of  the  samples  could 
be  predicted  at  any  staSe  of  the  uflift  resistance  test.  For  these 
reasons,  a  finite  element  analysis  of  the  problem  was  proposed. 
At  the  present  time,  provided  that  sufficient  computer  facilities 
are  available,  a  large  range  of  rroblems  in  continuum  mechanics  can 
be  analysed  by  the  finite  element  method.  However,  the  accuracy  of 
the  results  obtained  by  this  method  will  depend  to  a  large  extent  on 
the  accuracy  of  the  data  which  is  used  in  the  analysis.  In  soil 
mechanics  problems,  this  point  is  of  particular  importance,  since  soil 
behaviour  is  difficult  to  predict  accurately.  For  example,  although  a 
% 
series  of  laboratory  triaxial,  strength  tests  on  samples  of  soil  may 
give  a  consistent  stress-strain  curve,  it  can  seldom  be  determined 
2 ,  whether  ihese  ,  samples  are  completely  representative  of  the  soil  in  the 
field  and  whether  the  soil  will  behave  in  the  predicted  manner  under 
the  complex  stress  patterns  which  are  experienced  in  the  field.  How- 
ever,  this  limitation  in  accuracy  applies  to  any  form  of  analysis  which 
attempts  to  predict  the  behaviour  of  the  soil  in  the  field  from  data 
measured  in  the  laboratory  and  must  be  recognised  and  allowed  for  by 
U 
the  investigator. 
In  the  following  sections,  the  features  which  were  included  in 
!  the  finite  element  analysis  will  be  outlined,  the  limitations  of  the 
program  will  be  stated  and  the  results  from  the  analysis  will  be  pre- 
sented.  A  detailed  description  of  the  program  is  given  in  Appendix  E. 
The  primary  purpose  of  the  finite  element  analysis  used  in  this 
investigation  was  to  examine  the  displacements  and  the  stresses  which 
occurred  in  the  soil  mass  during  uplift  resistance.  Although  the  re- 
sults  arc  presented  in  a  quantitative  form,  they  are  intended  only  to 
be  a  guide  to  the  way  in  which  a  clay  will  perform  at  various  stages  of 
an  uplift  resistance  test  rather  than  a  prediction  of  the  precise 
values  of  the  stresses  and  displacements  which  will  occur.  This  is 
because  of  the  various  assumptions  and  approximations  inherent  in  the 
program  and  the  properties  of  the  ideal  material  which  are  assumed  in 
the  program,  and  which  will  be  described  in  section,  5.4  of  this  chapter. 
5.2.  General  Features  of  the  Finite  Element  Program  used  in  the  Investigntion 
The  program  which  was  used  in  this  investigation  was  originally 
developed  by  Dr.  I.  M.  Smith  of  the  University  of  Manchester,  but  it 
had  to  be  subsequently  considerably  modified  by  the  author  for  use  in 
the  uplift  resistance  problem-.  Details  of  the  program  can  be  found 
in  Appendix  E.  An  outline  of  its  features  is  as  follows: 
(a)  It  is  an  axi-symmetric  program  which  uses  isoparametric  quadri- 
lateral  elements  with  two  degrees  of  freedom,  radial  and  vertical, 
per  node. 
73 (b)  The  integration  to  calculate  the  values  of  element  stiffnesses 
is  numerical  and  uses  the  Gaussian  quadrature  formulae. 
(c)  The  Gaussian  elimination  procedure  is  employed  to  obtain  nodal 
displacements  from  the  structural  stiffness  matrix  and  the  load 
vector. 
(d)  It  is  an  elastic-plastic  analysis  which  uses  the  "initial  stress" 
method  developed  by  Zienkiewicz  et.  al.  (1969)  and  the  elastic-plastic 
constitutive  matrix  derived  by  Yamada  et.  al. 
_(1968). 
(e)  The  magnitude  of  the  anchor  loads  in  the  load  vector  can  be 
incre.  ased  by  specified  amounts.  Ifq  in  any  elemento  the  re- 
sultipg  stresses  are  greater  than  the  level  of  the  defined  yield 
.aU 
stress  for  the  materialq  according  to  Von  Ilises  failure  criteriong 
the  excess  stresses  are  redistributed  to  the  remaining  elements  C3 
by  an  iterative  procedure. 
(f)  For  the  initial  load  increment,  if  the  elastic  portion  of  the 
stress-strain  curve  is  assumed  to  be  linear,  the  values  of  the 
terms  in  the  load  vector  can  be  proportionally  increased  or  de- 
creased  by  the  program  so  that  the  value  of  stress  in  the 
"critical"  element  will  be  fractionally  less  than  the  specified 
vqlue  of  Von  Mises  Yield  Stress  for  the  material,  where  the 
"critical"  element  is  defined  as  the  first  element  in  the  mesh  to 
reach  the  specified  value  of  Von  Mises  Yield  Stress.  This  means 
that  the  initial  load  increment  can  be  adjusted  by  the  program 
so  that  it  becomes  the  largest  load  under  which  all  of  the  elements 
in  the  mesh  remain  on  the  elastic  portion  of  the  material  stress- 
strain  curve. 
(g)  The  analysis  makes  provision  for  the  inclusion  of  internal  stresses 
due  to  material  self-weight. 
(h)  The  anchor  plate  is  treated  as  being  rigid  in  the  analysis  and  this 
requires  that  all  nodes  on  the  plate  are  displaced  by  an  equal 
74 I 
amount  during  loading. 
(i)  The  magnitude  of  the  residual  loads  (defined  in  Appendix  E), 
corresponding  to  the  applied  load  values  which  produce  element 
stresses  on  the  elastic  portion  of  the  material  stress-strain 
curve,  can  be  calculated. 
Pi,  9-  5-1  illustrates  one  of  the  meshes  (mesh  no.  1)  which  was 
used  in  the  finite  element  analysis.  Although  the  elements  are  de- 
picted  in  the  figure  as  being  two-dimensionalg  since  the  problem  is 
axi-symmetric,  each  element  is  a  toroid  with  a  volume  approximately 
equal  to  2-  7r  r  A.  where  r  is  the  average  distance  of  an  element 
from  the  axis  of  syrunetry  and  Ae  is  the  area  of  the  elemcnt,  as  shown 
in  Fig-  5.1.  Fig.  5.1.  shows  any  half-section  through  the  axis  of 
symmetry  of-the  cylindrical  meshl  with  A-A  representing  the  position 
of  the  anchor  plate.  As  described  in  part  (h)  abovet  the  anchor 
plate  is  treated  as  being  rigidg  which  requires  that  the  nodes  1,29 
394  and  5  of  elements  0909Q9  G)  and  (2)  must  always  be  dis- 
placed  vertically  by  equal  amounts  to  simulate  the  rigid  anchor  plate. 
Details  of  how  this  is  achieved  are  given  in  Appendix  E.  To  simulate 
the  case  of  no  suction  below  the  anchor  plate,  the  elements  @ 
tnk:  O!  j  I 
(@  , 
(H)  and  @have  separate  nodes  -6,7s 
8P  9  and.  10,  and  this  allov..,  s 
the  elements  above  and  below  the  anchor  plate  to  separate  freely  when 
nodes  1,2,3,4  and  5  are  displaced.  The  nodes  of  the  elements  at 
the  bottom  and  side  extremities  of  the  mesh  are  completely  restrained, 
i.  e.  no  radial  or  vertical  movement  is  allowed,  in  order  to  simulate 
the  rigid  sides  and  base  of  a  box  with  a  high  value  of  adhesion 
between  soil  and  box.  The  nodes  on  the  axis  of  symmetry  of  the  mesh 
are  restrained  in  a  radial  direction  due  to  the  symmetry  of  the  problem. 
The  elements  which  are  close  to  the  anchor  plate  are  smallest,  i.  e. 
the  mesh  is  finest,  since  details  of  stresses  and  displacements  near 
the  anchor  plate  are  considered  to  be  of  greatest  importance.  As 
75 the  distance  from  the  anchor  plate  increases,  the  elements  become 
larger  and  the  mesh  correspondingly  coarser. 
5-3-  Scope  of  the  Finite  Element  Program  used  in  the  Investigation 
In  this  section,  the  input  data  which  is  required  by  the  program 
and  the  resulting  information  which  is  output  by  the  program  will  be 
00 
described.  Althouggh  a  printout  of  the  program  is  n6t  included  in  this 
,, 
ram  can  be  found  inside  the  thesis,  a  complete  flow  chart  of  the  prog 
back  cover. 
A.  Input  Data  Renuired  by  the  Program 
Details  of  this  data  are  given  in  Table  5.1. 
B.  Output  given  by  the  Program 
By  varying  the  input  data  described  in  Table  5-1,  most  of  the 
parameters  described  in  chapter  3  as  being  relevant  to  the  problem  may 
be  varied,  e.  g.  by  varying  the  element  sizes  and  the  number  and  geometry 
of  the  elements  and  lopded  nodest  various  depth  to  breadth  ratios  and 
box  sizes  can  be  simulated;  by  restraining  the  horizontal  degrees  of 
freedom  in  the  anchor  nodes,  the  anchor  can  be  made  completely  rough; 
by  varying  the  values  of  E,  V  and  C  different  purely  cohesive 
soils  can  be  simulated.  The  program  supplied  information  which  was 
employed  directly  or  indirectly  to  show  the  following: 
(a)  the  radial  and  vertical  displacements  of  all  nodes#  corresponding 
to  the  applied  loading.  In  the  axi-symmetric  case,  there  were 
no  displacements  of  nodes  in  the  circumferential  direction  because 
of  the  symmeti-j  of  the  problem. 
(b)  the  order  in  which  the  various  elements  in  the  mesh  yielded, 
according  to  Von  11ises  failure  criterion. 
(C)  the  magnitude  and  direction  of'the  principal  stresses  and  the 
maximum  shear  stress  in  each  element,  corresponding  to  each  load 
increment. 
76 ,  (d)  the  magnitude  and  distribution  of  the  radial,  vertical  and 
circumferential  normal  stresses,  both  compressive  and  tensile, 
and  the  shear  stresses  in  each  element,  corresponding  to  each 
load  increment.  In  the  axi-symmetric  case,  no  shear  stresses 
existed  on  the  circumferential  plane  due  to  the  symmetry  of  the 
problem. 
(e)  the  load-displacement  relationship  of  the  anchor  in  the  soil. 
(f)  the  value  of  the  residual  loads  on  each  node  after  the  first  load 
increment. 
5.4.  Limitations  of  the  Finite  Element  Program  used  in  the  Investigatio 
In  the  Introduction  to  this  chapter,  it  was  stated  that  the 
accuracy  of  the  results  obtained  by  the  finite  element  analysis  do- 
pended  to  a  large  extent  on  the  accuracy  of  the  soil  data  which  was 
employed  in  the  analysis.  In  addition,  the  accuracy  of  the  results 
was  affected  by  the  following  limitations  in  the  pro-ram:  Q  C) 
(a)  the  values  of  the  stresses  obtained  in  each  element  were  values 
for  the-stresses  at  the  centre  of,  the  element  only. 
(b)  the  use  of  quadrilateral  elements  with  two  degrees  of  freedom  per 
node  assumed  that  all  element  sides  would  remain  straight  during 
deformation.  This  is  not  what  occurs  in  real  soil  which,  uhen 
stressed,  deforms  in  a  non-linear  manner.  The  effect  of  this 
assumption  may  be  seen  in  the  figures  which  illustrate  mesh  de- 
formation  due  to  anchor  displacements  (Figs.  5-5,5.6,5.7  and 
5-8-)- 
(c)  element  stiffness  integration  very  near  the  axis  in  the  axi- 
symmetric  problem  tended  to  be  inaccurate.  The  effect  of  this 
inaccuracy  was  diminished  by  using  .:, 
a  finer  mesh  near  the  axis. 
(d)  the  use  of  a  curved  stress-strain  relationship  for  the  soil  in 
the  Drogram  increased  computer  time  very  considerably.  Therefore, 
a  linear  elastic  non-strain  hardening  plastic  relationship  was 
77 used  throughout  this  part  of  the  investigation.  The  three  linear 
elastic  non-strain  hardening  plastic  stress-strain  curves  which 
are  assumed  to  simulate  the  actual  stress-strain  relationship  of 
a  clay  are  shown  in  Fig-  5.2.  These  curves  will  be  described  in 
section  5-5of  this  chapter  and  the  significance  of  these  approxi- 
mations  to  the  actual  stress-strain  relationship  will  be  discussed 
in  chapter  6.  No  cracking  was  assumed  to  occur  in  the  material 
when  subjected  to  tensile  stresses,  and  the  values  of  yield 
strength  in  compression  and  tension  were  assumed  to  be  equal. 
(e)  only  an  approximate  value  of  anchor  plate,  loading  corresponding 
to  a.  specified  anchor  displacement  could  be  obtained.  In  order 
to  estimate  the  plate  loading,  the  values  of  stresses  at  the 
centre  of  the  elements  which  were  adjacent  to  and  directly  above 
the  anchor  were  integrated  over  the  element  volume  to  obtain  the 
nodal  loads.  However,  the  "critical"  element,  shown  as  0  in 
Fig-  5-1,  will  always  have  high  values  of  compressive  stress  on 
the  side  nearer  the  axis,  and  high  values  of  tensile  stress  on 
the  side  farther  from  the  axis  and  the  value  of  stress  at  the 
centre  of  this  element  will  always  be  lower  than  the  value  of 
stress  which  corresponds  to  the  load  at  the  edge  of  the  anchor. 
Therefore,  the  value  of  nodal  load  for  node  5  in  Fig.  5-1  will 
always  be  output  as  less  than  the  actual  value.  Appendix  E  gives 
details  of  the  way  in  which  the  level  of  inaccuracy  of  the  value 
of  the  nodal  loads  obtained  from  the  stresses  in  the  "critical" 
element  was  estimated.  The  sign  convention  which  was  used  in  the 
finite  element  analysis  is  also  presented  in  Appendix  E. 
(f)  the  program  could  only  be  used  accurately  in  cases  where  the  total 
strain  on  any  element  was  smal3,  because  of  the  assumptions  of 
small  strain  which  were  made  in  derivin,,  the  element  characteris- 
tics. 
78 (g)  the  program  calculated  nodal  displacements  and  element  strains  and 
stresses  for  each  load  incrementv  taking  into  account  the  strains 
and  stresses  which  existed  in  each  element  due  to  previous  load 
increments.  However,  the  program  assumed  the  original  g'eometry 
of  the  nodes  at  all  times,  i.  e.  at  each  new  load  increment  the 
geometry  of  the  mesh  was  assumed  to  be  as  illustrated  in  Fig.  5-3. 
Due  to  this  limitation  and  that  of  (b)  and  (f)  above,  the  program 
could  not  take  into  account  local  types  of  failure  in  the  soil, 
such  as  predicted  by  Vesic  (1963  and  1965)  and  Ileyerhof  and 
Adams  (1968)  for  deep  anchors,  but  continued  to  increase'the  loads 
until-a  general  failure  occurred. 
5.5.  Details  of  the  %ta  used  in  the  Finite  Element  Analysis 
In  section  5.3,  the  output  of  the  program  vas  outlined  and  it 
Q 
was  stated  that  the  values  of  the  output  were  a  function  of  the  para- 
meters  which  were  described  in  chapter  3  as  playing  a  significant  part 
in  the  uplift  resistance  problem.  Since  eleven  parameters  were  in- 
volved,  a  very  large  number  of  program  runs  would  have  been  required  C., 
to  analyse  and  compare  the  output  from  the  various  combinations  of 
these  parameters.  In  view  of  this,  it  was  decided  to*vary  those  para- 
meters  which  the  author  considered-to  be  most  important  and  to  keep 
the  other  parameters  constant  at  representative  values, 
The  parameters  which  were  varied  were  the  depth  to  breadth  ratios, 
D/B; 
,  of  the  ancýlor  plate.  Runs  were  made  with  three  different  meshes 
I 
corres.  ponding  to  three  values  of  D/5 
q  namely  1.59  3.2'and  5.25,  in 
order  to  simulate  shallowq  intermediate  depth  and  deep  anchor  tests 
respectively.  These  three  D/B 
values  were  chosen  by  the  author  after 
an  examination  of  the  results  from  his  laboratory  model  tests.  Details 
of  the  meshes  are  given  in  Table  5.2,  along  with  the  values  of  the 
parameters  which  were  kept  constant.  The  meshes  are  illustrated  in 
Fig.  5.2.  Before  a  description  of  the  output  from  these  runs  is  made, 
79 a  brief  explanation  about  the  values  of  the  parameters  shown  in  Table 
5.2  will  be  given. 
Table  5.2  shows  that  the  soil  was  assumed  to  be  weightless  in  the 
three  runs.  As  described  in  Appendix  E,  the  value  of  stress  in  each 
element  due  to  material  self-weight  could  be  included  in  the  program 
and  this  stress  would  be  a  constant  throughout  the  various  load 
increments  and  iterations  during,  the  program  run.  The  stresses  in  the 
elements  adjacent  to  the  anchor  were  integrated  over  their  volume  to 
find  the  load  on  the  anchor.  The  load  on  the  anchor  plate  due  to 
material  self'-weight  would  be  constant  and  equal  to  YSDA  ,  where  A 
is  the  area  of  the  anchor  plate.  The  values  of  self-weight  stresses 
in  the  vertical,  radial  and  circumferential  directions  in  each  element 
would  also  be  constant  throughout  the  entire  program  run,  due  to  the 
geometry  of  the  mesh  remaining  unaltered.  lborefore,  if  the  value  of 
toLal  stress  in  any  element  were  requiredg  the  values  of  the  stresses 
in  the  element  due  to  material  self-weight  could  be  added  to  the  values 
of  the  stresses  which  resulted  from  the  displacement  of  the  anchor 
plate.  For  the  purposes  of  this  investigation,  the  coefficient  of 
earth  pressure  at  rest  was  assumed  to  be  unity,  which  was  considered  to 
be  a  reasonable  assumption  for  a  saturated  clay.  Under  this  assumption, 
the  self-weight  would  have  no  effect  on  the  value  of  the  Von  Nises 
stress  for  the  element.  In  view  of  the  above  considerations,  it  was 
considered  by  the,  author  that  the  three  runs  should  be  made  without  the 
addition  of  material  self-weight  stresses. 
It  is  shown  in  Appendix  E  that  in  the  finite  element  uplift  re- 
sistance  pro-ram  the  relationship  between  nodal  loads  and  displacements 
and  the  relationship  between  element  stresses  and  strains  in  both  the 
elastic  and  plastic  portions  of  the  material  stress-strain  curve  were 
inverse  linear  functions  of  the  elastic  modulus  E.  By  considering  the 
three  stress-strain  curves  shown  in  Fig.  5.4,  it  will  be  shown  that, 
80 if  a  finite  element  program  assumes  a  linear  elastic  non-strain  C) 
hardening  plastic  stress-strain  curve,  then  the  values  of  stresses, 
strains,  displacements,  and  loads  resulting  from  that  program  can  be 
>  C.  ) 
proportioned  to  any  required  value  of  elastic  modulus  E  or  yield  stress 
It  raust  be  emphasised  that  the  three  curves  depicted  in  Fia. 
5.4  are  for  demonstrating  this  point  only,  and  have  no  connection  with  C3 
the  stress-strain  curves  used  in  the  uplift  resistance  finite  element 
program.  A  comparison  of  (i)  curves  A  and  B  in  Fig.  5.4,  and  (ii) 
curves  A  and  C  in  Fig.  5-4,  will  be  considered. 
Caseli)  t  curves  A  and  B.  In  curve  A,  the  value  of  the 
elastic  modulus  E. 
,  which  corresponds  to  the  slope  of  the  elastic 
portion  of  the  cur,,  e,  is  double  that  of  curve  Bj  but  the  value  of 
yield,  stress  a5 
,  which  corresponds  to  the  value  of  stress  of  the 
horizontal  plastic  portion  of  the  curvet  remains  the  same.  For  any 
value  of  nodal  load  in  finite  element  program  runs  using  these  stress- 
strain  curves,  the  corresponding  value  of  nodal  displacement  for  curve 
A  will  be  half  of  that  for  curve  B.  For  any  value  of  element  stress 
in  either  the  elastic  or  plastic  zone$  the  corresponding  value  of 
element  strain  for  curve  A  will  be  half  of  that  for  curve  B.  If  the 
value  of  the  uplift  resistance  factor  ý/C  in  the  weightlcss 
case)  is  plotted  against  the  anchor  displacement  ratio 
da/B  for,  runs 
using  material  stress-strain  curves  A  and  B,  the  cl-/Cý  values  for  a 
material  with  curve  A  will  be  half  of  that  for  a  material  with  curve 
B  for  the  same  value  of  V. 
Case-Lii-1:  curves  A  and  C.  The  value  of  E.  in  curve-A  is  half 
of-that  in  curve  CO  and  the  value  of  'Rn  stress  is  also  halfq  i.  ee 
E- 
-=--  is  the  same  for  both  curves.  For  any  value  bf  nodal  displacement, 
15'8 
the  corresponding  value  of  nodal  load  for  curve  A  will  be  half  of  that 
for  curve  C  and  for  any  value  of  element  strain  in  either  the  elastic 
or  plastic  zone,  the  corresponding  value  of  element  stress  for  curve  A 
will  be  half  of  that  for  curve  C.  If  the  value  of  F  is  plotted 
81 against 
dcl/B  for  runs  using  material  stress-strain  curves  A  and  C,  the 
plots  will  be  identical. 
Cases  (i)  and  (ii)  demonstrate  that,  if  a  linear  elastic  non- 
strain  hardening  plastic  material  stiess-strain  curve  is  assumed,  then 
.3 
the  results  fr1cm  a  program  which  uses  nominal  values  of  E  and  Fr!  3 
can  be  proportioned  to  any  required  value  of  E-  and  6'b  .  It  is 
therefore  necessary  to  run  the  program  with  only  one  value  of  E  and 
one  value  of  6!  ý  .  However,  as  was  explained  in  part  (f)  of  section 
5-4.0f  this  chapter,  the  element  characteristics  have  been  derived  under 
the  assumption  of  small  strains.  Theref9re,  if  a  low  value  of  F- 
and  a  high  value  of  Cr5  are  used,  giving  a  small  value  of 
Cr 
and  the  resultina  element  strains  are  large,  then  these  rosults-may  be 
0 
inaccurate  since  they  do  not  conform  to  the,  basic  assumption  of  small 
element  strains. 
In  order  to  simulate  values  of  elastic  modulus  and  yield  stress 
for  a  very  soft  clay,  values  of  E=  720  kl,  -/m2  a-ý  .  18  kjj/m2  and 
were  used  in  runs  1,2  and  3.  However,  since  a  linear  elastic  non- 
strain  hardening  plastic  stress-strain  curve  was  assumed  in  the  pro- 
gram,  the  results  frcm  the  program  could  be  proportioned  to  any  values 
of  F  and  ,  bearing  in  mind  the  limitations  on  element  strains 
described  previously.  The  values  (ýf  nodal  displacements  and  correspond- 
in-  stresses  and  strains  obtained  from  the  finite  element  runs  using  C)  0 
E=  720  MT/r,  12,  were  proportioned  to  correspond  to  values  of  E= 
1200  kjj/M2'  E=  430  kN/m2  and  F=  100  kN/m  2  in  order  to  simulate 
the  tangent  modulus,  the  chord  modulus.  at  one  half  of  the  yield  stress 
and  the,  chord  modulus  at  total  yield  stress  respectively  of  the  batch 
no-  3  glyben  stress-strain  curve  illustrated  in  Pig-  5.2.  The  linear 
elastic  non-strain  hardening  plastic  curves  for  E.  =  1200.  kT/m2, 
430  kjT/m2  and  100  kN/:  m2  are  also  illustrated  in  Pig.  5.2.  In  all  of 
the  ciýrves  in  this  figure,  the  value  of  yield  stress  was  18  kN/m2. 
82 The  values  of  the  nodal  displacements,  stresses  and  strains  are  presented 
in  section  5.6of  this  chapter  and  discussed  in  chapter  6. 
It  is  also  shown  in  Appendix  E  that  the  relationship  between  nodal 
loads  and  displacements  and  the  relationship,  between  element  stresses 
and  strains  are  functions  of  Poisson's  ratio  0.  Howeverg  unlike  the 
function  for  the  elastic  modulus  E,  the  function  for  V  is  not  a  simple 
one.  In  the  runs  shown  in  Table  5.2,  a  value  cf  V  -0-4q6'  was  employed, 
the  clay  being  assumed  to  be  almost  incompressible.  Two  additional 
short  runs,  each  using  only  six  increments  of  loadq  were  performed  on 
mesh  no.  2  with  1)  -  0-2S  and  'd  =  0-0 
.  Because  of  the  higher  values 
of  compressibility  of  the  materials  with  the  small  values  of  Poisson's 
ratio,  the  values  of  anchor  displacements  corresponding  to*a  certain 
value  of  anchor  load  increased  as  the  value  of  V  decreased.  However, 
the  relationship  between  nodal  loads  and  displacements  and  between 
element  stresses  and  strains  corresponding  to  the  various  values  of 
Poisson's  ratio  were  complex  and  difficult  to  compare  and  will  not  be 
considered  further  in  this  investivation. 
For  the  three  runs  shown  in  Table  5.2,  a  completely  smooth  anchor 
face  was  assumed,  i.  e.  the  radial  degrees  of  freedom  of  the  anchor'nodes 
were  not  restrained.  An  additional  short  run  was  performed  with  mesh 
no.  29  employingrestraints  on  the  radial  displacements  of  the  anchor 
nodes  to  simulate  a  completely  rough  anchor.  As  -in  the  short  runs  with 
the  varying  values  of  Poisson's  ratio,  a  basis  for  comparison  was 
difficult  to  find  since,  although  small  differences  were  noted  between 
the  values  of  element  stresses  in  the  rough  and  the  smooth  anchor  casest 
there  was  no  consistent  pattern  in  the  differences,  e.  g.  there  was  a 
small  increase  in  the  values  of  stresses  in  some  elements  and  a  small 
decrease  in  others.  It  is  recommended  in  Future  Work  that  a  further 
investigation,  using 
.) 
the  finite  element  analysis,  be  conducted  into  the 
effects  of  varying  the  values  of  Poisson's  ratio  and  anchor  roughness. 
83 The  values  of  the  ratio  of  box  diameter  to  anchor  diameter  Bc/B 
used  in  runs  1,2  and  3  were  5.75,7.33  and  11-50  respectively.  These 
were  considered  by  the  author  to  be  ratios  representative  of  those 
used  in  the  laboratory  model  tests.  In  each  mesh,  the  height  of  the 
anchor  plate  above  the  base  of  the  box  was  approximately  equal  to  E) 
. 
Two  additional  short  runs  with  mesh  no.  2  were  performed  which  used 
ratios  of 
B'/B 
of  approximately  double  and  half  of  that  used  in  run 
no.  2.  In  both  of  these  additional  runs,  the  height  of  the  anchor 
plate  above  the  base  of  the  box  was  altered  proportionally.  In  the 
case  where  the  value  of  Bc/B 
was  doubled,  the  displacement  of  the 
anchor  which  was  required  to  cause  yielding  in  the  "critical"  element 
was  increased  by  approximately  4e!  X.,,  which  reflected  the  reduced  struct- 
ural  stiffness  of  the  mesh.  However,  the  relationship  of  uplift  resis- 
tance  versus  anchor  displacement  for  the  mesh  was  very  similar  to  that 
of  the  original  mesh.  In  the  case  in  which  the  Be  /B  ratio  of  the 
mesh  was  halved,  the  displacement  of  the  anchor  which  was  required  to 
cause  yielding  in  the  "critical"  element  was  reduced  by  approximately 
135ý,  which  reflected  the  increased  structural  stiffness  of  the  mesh. 
The  relationship  of  uplift  resistance  versus  anchor  displacement  for 
this  m9sh  was  significantly  different  from  that  of  the  original  mesh, 
the  slope  of  the  curve  (not  shown)  being  approximately  30/'-  steeper  than 
in  the  original.  It  may  be  concluded  thatv  as  the  Bc/[3  ratio  increases, 
the  effect  of  its  alteration  on  the  values  of  stresses,  strains,  loads 
and  displacements  becomes  correspondingly  less.  However,  as  the  Be 
ratio  approaches  unity,  the  effect  of  its  alteration  on  the  above  values 
correspondingly  increases.  0 
5.6.  Presentation  of  the  Results  of  the  Pinite  Element  Runs 
In  this  section,  the  results  which  were  obtained  from  runs  1,2 
and  3  are  presented.  The  results  of  these  runs  will  be  compared  and 
discussed  in  chapter  6. 
84 The  results  of  the  finite  element  runs  can  be  divided  into  three 
sections  for  presentation  purposes: 
A.  Prediction  of  nodal  displacements  in  the  meshes. 
B.  Relationship  between  uplift  resistance  and  anchor  displacements 
in  the  meshes. 
C.  Values  of  stresses  in  the  elements. 
The  order  in  which  the  results  are  presented  in  this  chapter  will 
be  the  order  in  which  they  are  discussed  in  chapter  6. 
A.  Prediction  of  Nodal  Displacements 
in  the  Meshes 
Fig-  5-5  shows  the  nodal  displacements  in  the  shallow  anchor  mesh 
for  run  no.  1,  with 
D/B 
=  1.5,  at  the  stage  of  the  run  when  the 
C-ý 
value  of  the  stress  in  the  "critical"  element  was  just  below  the  value 
of  the  Von  TUses  Yield  Stress.  This  stage  is  represented  by  point  C> 
0 
in  Pig-  5.12.  Fig.  5.12  shows  plots  of  the  uplift  resistance  factor  P 
versus  the  anchor  displacement  ratio 
4a/B  for  runs  19  2  and  3,  and 
will  be  described  further  in  part  B  of  this  section.  At  this  stage  0 
of  the  runý  all  of  the  elements  in  the  mesh  still  remained  on  the 
elastic  portion  of  the  material  stress-strain  curve,  although  a 
fractional  increase  in  anchor  load  would  have  caused  the  "critical" 
element  to  yield.  Fig.  5.6  shows  -the  nodal  displacements  in  the  shallow 
anchor  mesh  at  ultimate  uplift  resistance,  represented  by  point 
@ 
in  Pig.  5.12.  The  values  of  both  the  radial  and  vertical  displacements 
shown  in  Figs.  5-5  and  5.6'have  been  adjusted  for  E=  430  kN/m2 
which  corresponds  to  the  chord  modulus  at  half  of  the  yield  stress  in 
PiUa.  5.2,  and  have  been  scaled  up  by  a  factor  of  8  for  presentation 
purposes. 
Fig.  5.7  shows  the  nodal  displacements  in  the  deep  anchor  mesh 
for  run  no-  3,  with  9/js=  5.259  at  the  roint  when  the  value  of  stress  in 
the  "critical"  element  was  just  below  the  value  of  Von  Mises  Yield 
Stress,  and  this  point  is  represented  by  @  in  Fig.  5.12.  Fig.  5.8. 
85 shows  the  nodal  displacements  at  a  stage  nearing  thelultimate  uplift 
resistance  of  the  soilq  represented  by  point@in  Fig-  5-12.  The 
values  of  both  the  radial  and  vertical  displacements  shown  in  Pigs. 
5.7  and  5-8  have  been  adjusted  for  E-  =  430  kII/m2  and  have  been 
scaled  up  by  factors  of  17  and  5  respectively  for  presentation 
purposes* 
B.  Relationship  between  Uplift  Resistance  and  Anchor 
Dis-nlacements  in  the  Moshes 
Fig-  5-9  illustrates  curves  of  Pv  cý&  plotted  from  the  output 
obtained  from  run  no.  1,  with  ly 
,B- 
1-5,  and  which  correspond  to  the 
three  values  of  E  which  are  shown  in  Fig.  r;.  2.  As  described  earlier,  I 
these  values  of  E  represent  the  initial  tangent  modulus  E  3200 
kN/M2),  the  chord  modulus  at  one  half  of  the  yield  stress  (E  430 
kjj/m2)  and  the  chord  modulus  at  the  total  yield  stress  (E=  100  kN/m2) 
of  the  avera-e  stress-strain  curve  obtained  from  an  unconfined  com- 
pression  test  on  a  sample  of  batch  no,  3  glyben,  also  shown  injig. 
5.2.  A  curve  of  V  6a/a  for  the  shallow  . 
"rotated-box"  glyben  test 
no-  47,  with 
D/B  1.6,  is  included  in  Fig.  5.9  for  comparative 
purposcs.  Fig-  5-10  shows  Fv  clo,  /ES  curves  plotted  from  the  output 
obtained  from  run  no.  2,  with 
D/12,3.29 
corresponding  to  the  three 
values  of  elastic  modulus  E  described  above.  The  curve  for  "non- 
layered"  glyben  test  no.  37,  with 
D/B 
=  3.0,  is  included  in  Fig.  5.10 
for  comparative  purposes.  Fig. 
-5-11  shows,  PY  Cla/B  curves  plotted 
from  the  output  obtained  from  run  no.  3,  with  1%  5.25,  corres- 
pending  to  the  three  values  of  E  described  above.  The  curve  for 
"non-layered"  glyben  test  no.  40,  with  D/B  =  7.0,  is  included  in 
Fig.  5.11  for  comparative  purposes.  In  Fig.  5.12,  the  PV  da/B 
curves  for  runs  1,2  and  3,  with  E=  430  kjj/m2,  are  illustrated. 
C.  Values  of  Stresses  in  the  Elements 
Order  of  yielding  of  the  elements.  Figs.  5.3  (a),  (b)  and  (c) 
show  the  order  in  which  the  elements  yielded,  according  to  the  Von 
86 Mises  failure  criterion,  in  runs  1,2  and  3  respectively.  For  run  no. 
1,  with 
D/B 
-  1-5,  and  run  no.  2,  with 
')/B 
=  3.2,  the  order  of 
yielding  up  to  ultimate  failure  of  the  soil  is  shown.  For  run  no.  C:  ) 
3, 
with 
D/B 
=  5.25,  yielding  up  to  ultimate  failure  is  not  shown  since, 
as  ultimate  failure  was  approachedl  the  output  of  the  program  became 
inconsistent,  possibly  due  to  the  large  number  of  yielded  elements  at 
that  star-e.  As  will  be  discussed  in  chapter  6,  gencral  ultimate 
failure  occured  only  when  all  of.  the  elements  above  the  "critical" 
element  had  yielded  plastically. 
Magnitude  and  direction  of  principal  stresses.  Fig-  5.13  (a) 
depicts  the  direction  of  the  major  principal  stress,  i.  e.  the  direction 
of  the  greatest  compressive,  or  least  tensile,  stress  in  each  element 
of  the  shallow  anchor  mesh  in  run  no.  1,  with'D/B  =  1.5,  at  the  point 
when  the  value  of  stress  in  the  "critical"  element  was  just  below  the 
value  of  Von  Mises  Yield  Stress.  This  stage  of  the  t6st  is  represent- 
ed  by  point(@in  Fig.  5.12.  The  thickness  of  the  lines  which  represent 
the  stress  directions  give  a  guide  to  the  size  of  the  major  principal 
stressesq  but  do  not  vary  linearly  with  the  magnitude  of  the  stresses. 
The  shaded  areas  in  the  figure  represent  the  regions  in  which  the 
major  principal  stresses  were  tensile  and  the  unshaded  areas  represent 
the  regions  in  which  the  major  principal  stresses  were  compressive. 
Dotted  lines  indicate  the'boundaries  between  these  regions.  Since  the 
major  principal  stresses  which  are  illustrated  in  Fig.  5.13  (a)  are 
defined  as  being  the  greatest  compressive,  or  least  tensile,  stresses 
in  each  element,  the  shaded  areas  depict  elements  in  which  the  normal 
stresses  on  all  planes  in  the  elements  were  tensile,  as  shown  on  the 
14ohr  circle  representation  in  5.16.  Fig.  5.13  (b)  depicts  the 
magnitude  and  direction  of  the  major  principal  stresses  in  run  no.  1 
at  ultimate  uplift  resistance.  Figs.  5.14  and  5.15  illustrate  the 
magnitude  and  direction  of  the  major  principal  stresses  in  runs  2  and  3 
87 ,  respectively.  In  Fig.  5.14,  the  stresses  are  shown  corresponding  to 
19%  the  stage  of  "critical"  element  yielding,  represented  by  point  11ý  C3 
in  Fig.  5-12  and  corresponding  to  ultimate  uplift  resistance,  repres- 
ented  by  point 
@  in  Fig.  5.12.  In  Fig-  5.159  the  stresses  are  shown 
corresponding  to  the  stage  of  "critical"  element  yielding,  represented 
.:  1  CO 
by  point  (9)  in  Fig.  5.12  and  corresponding  to  a  stage  nearing  ultimate  r_1  Q 
uplift  resistance,  represented  by  point 
0  in  Fig.  5.12. 
MaRnitude  and  distribution  'of  normal  and  shear  stresses.  Fig. 
;  5-17  (a)  illustrates  the  distribution  of  vertical  normal  stress  in  run 
no.  1,  with  1.5,  when  the  value  of  stress  in  the  "critical" 
elementu-as  just  below  the  value  of  Von  Mises  Yield  Stress,  as  shown 
by  point%z/  in  Fig.  5.12.  Fig.  5.17  (b)  illustrates  the  distribution 
of  vertical  normal  stress  in  run  no.  1  at  ultimate  uplift  resistance, 
as  shown  by  point 
rr")  in  Fig.  5.12.  The  values  of  the  sLress  contours 
are  given  as  fractions  of  the  value  of  the  vertical  normal  stress  in 
the  "critical"  element  when  itions  on  the  point  of  yielding.  The 
shaded  areas  in  the  figure  represent  the  areas  of  tensile  vertical 
normal  stress  and  the  unshaded  areas  represent  areas  of  compressive 
vertical  normal  stress.  Dotted  lines  indicate  the  boundaries  between 
the  regions  of  tensile  and  compressive  stresses.  Pig-  5-18  represents 
the  distribution  of  radial  normal  stresses  in  run  no.  1  and  Fig.  5-19 
represents  the  distribution  of  shear  stresses  on  the  radial  Plane  in 
the  vertical  direction  (which  are  identical  to  the  shear  stresses  on 
the  vertical  plane  in  the  radial  direction)  in  run  no.  1.  The  stresses 
in  both  of  these  figures  arc  shown  at  stag 
., 
es  corresponding  to  "critical" 
element  yield  and  ultimate  uplift  resistance.  Pi,  ",  S-  5.209  5.21  and 
5.22  represent  -  the  distribution  of  the  vertical  normalg  radial  normal 
and  shear  stresses  respectively  in  run  no.  3  for  the  deep  anchor  mesh. 
The  stresses  In  these  figures  are  shown  at  stages  corresponding  to 
"critical"  element  yield  and  nearing  ultimate  uplift  resistance. 
88 In  the  present  chapter  and  in  the  previous  chapter,  the  details 
of  the  finite  element  analysis  and  the  laboratory  investigation  of 
the  uplift  resistance  problem  which  were  performed  by  the  author 
have  been  outlined  and  the  results  presented.  In  chapter  6,  these 
results  will  be  compared  and  discussed. 
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DISCUSSION  OF  RESULTS 
6.1.  Introduction 
In  this  chapterg  it  is  proposed  to  discuss: 
-  (a)  the  results  of  the  strencgth  tests  and  volume  chanige  tests  which 
were  carried  out  on  samples  of  glyben  and  modified  Grangemouth 
C. 
clay  and  described  in  chapter  4; 
(b)  the  results  of  the  model  uplift  resistance  tests  described  in 
chaptey  4  and  the  results  of  the  finite  element  analysis  described 
in  chapter  5; 
(c)  the  comparison  of  the  re-cults  obtained  in  chapters  4  and  5  from  the 
uplift  resistance  tests  and  the  finite  element  analysis  with  the-pre- 
dictions  presented  in  chapter  2  from  the  existing  theories  of 
Vesic  (1963  &  1965)- 
(d)  the  comPaTison  of  results  obtained  in  chapters  4  and  5  from  the 
uplift  resistance  tests  and  the  finite  element  analysis  with  the 
experimental  results  of  previous  authors  as  presented  in  chapter  2. 
6.2.  Ellaterial  Strength  Testing  and  Samrle  Volume  Change  Testing 
A.  Material  Strengths 
Glyben.  The  values  of  shear  strength  obtained  by  the  laboratory 
vane  tests  were  employed  in  the  calculation  of  ultimate  uplift  resist- 
ance,  in  preferenzýe  to  the  values  obtained  by  the  unconfined  triaxial 
compression  tests,  for  three  reasons: 
(a)  Any  slight  variation  of  the  strength  of  the  glyben  between  indivi- 
dual  uplift  resistance  samples  was  apparent  from  the  vane  test 
results,  sinceq  as  described  in  Appendix  C9  between  six  and  eight 
vane  tests  were  carried  out  on  each  uplift  resistance  sample  and 
the  results  were  consistent.  However,  any  variation  of  strength 
between  the  uplift  resistance  samples  could  not  be  detected  from the  unconfined  triaxial  compression  test  results  since  each  series 
of  six  triaxial  tests  was  normally  carried  out  only  after  the 
completion  of  every  five  uplift  resistance  tests. 
(b)  As  noted  in  Appendix  CO  the  coefficient  of  variation  of  shear 
strengths  obtained  by  the  triaxial  tests  was  greater  than  the 
CD 
coefficient  of  variation  of  the  strengths  obtained  by  the  vane 
tests. 
(c),  Although  glyben  was  found  to  be  an  insensitive  material,  it  was 
considered  that  the  amount  of  disturbance  caused  to  the  triaxial, 
samples  of  soft  glyben  during  preparation  could  have  reduced  to 
some  extent  the  strengths  of  the  samples.  This  may  account  for 
the  smaller  values  of  average  shear  strength  obtained  by  the 
0 
unconfined  triaxial  compression  tests  compared  to  the  values  of 
shear  strength  obtained  by  the-laboratory  vane  tests,  as  shown 
in  Table  4.2. 
The  uppermost  curve  in  Fig-  4J  showed  a  representative  stress- 
strain  curve  obtained  by  the  unconfined  triaxial  compression  test  on 
a  1IF'Anch  diameter-sample  of  batch  no.  4  glyben.  The  stress-strain  curves 
obtained  from  samples  of  batches  1,2  and  3  -Iyben  were  found  to  have 
similaV  shapes  to  this  curve,  and  the  samples  reached  a.  maximum.  value 
of  deviatoric  stress-at  approximately  the  same  amount  of  straini  Alsog 
no  significant  difference  was  found  between  the  stress-strain  curves 
obtained  from  "layered"  and"non-layered"  samples  of  glyben  in  the 
compression  test. 
Table  4.2  shows  that  the  ratio  of  the  tensile  strength  of  "layered" 
glyben  to  its  compressive  strength  was  approximAtely  1:  5  compar6d  to 
the  3:  5.  ratio  for  "non-layered"  glyben.  The  tension  curves  in  Fig.  4.9 
show  that  the  maximum  value  of  tensile  strenath  in  the  "layered"  glyben 
was  reached  at  approximately  31/'ý  sample  straint  compared  to  the  1W- 
sample  strain  for  "non-layered"  Slyben.  These  results  indicate  the  lack 
91 of  tensile  bonding  in  the  "layered"  glyben  samples.  Fig.  C.  3(a)  and 
Pig'.  C-3  (b)  (Appendix  C)  show  a  plan  view  of  the  failed  cross-sections 
of  the  "layered"  and  "non-layered"  Slyben  tension  samples  respectively. 
A  considerable  difference  in  material  texture  is  apparent,  the  smoother 
texture  of  the  "layered"  sample  cross-section  suggesting  that  failure 
has  taken  place  on  a  plane  between  sepaTate  layers. 
Modified  Grangemouth  Clay.  The  values  of  shear  strength  of 
modified  Grangemouth  clay  obtained  by  the  laboratory  vane  tests  were  Cj 
employed  in  the  calculation  of  ultimate  uplift  resistance$  in  prefer- 
ence  to  values  obtained  by  the  unconfined  triaxial  compression  tests, 
for  the  reasons  explained  in  parts  (s)  and  (b)  above  for  glyben. 
Table  4.2  shows  that  the  average  values  of  shear  strength  of  the 
modified  Grangemouth  clay  obtained  by  the  triaxial  tests  were  similar 
to  those  obtained  by  the  vane  tests,  althoughg  as  noted  previously, 
the  coefficient  of  variation  of  the  triaxial  test  results  were  greater 
than  those  for  the  vane  test  results. 
Fig.  4.28  showed  that  the  values  of  ultimate  uplift  resistance 
in  deep  tests  in  modified  Grangemouth  clay  were  considerably  higher 
than  in  equivalent  tests  in  glyben.  Due  to  the  particle  size  distri- 
bution  of  the  modified  Grangemouth  clay,  it  was  considered  by  the 
author  that  some  de-ree  of  consolidation  of  the  clay  was  taking  place 
in  the  vicinity  of  the  anchor  plate  during  the  deep  uplift  resistance 
tests.  In  order  to  find  out  if  this  were  the  case,  four  1-21-  inch 
triaxial  samples  of  modified  Grangemouth  clay  were  prepared.  Two  C) 
samples  were  tested  at  a  cell  pressure  of  140  kN/m2'  which  was  con- 
sidered  to  be  the  maximum  value  of  normal  pressure  experienced  by  the 
clay  in  the  vicinity  of  the  anchor  during  deep  uplift  resistance 
tests,  and  no  drainage  was  allowed.  In  order  to  simulate  as  closely 
as  possible  the  condition  of  the  soil  in  the  vicinity  of  the  anchor 
plate  at  ultimate  uplift  resistance  in  the  deep  uplift  resistance 
tests,  the  second  pair  of  samples  were  tested  at  the  same  cell  pressure 
92 but  were  allowed  to  consolidate  in  a  fully  drained  condition  for 
approximately  ten  minutes  before  the  deviatoric  stress  was  applied  and 
drainage  was  allowed  during  the  application  of  the  deviatoric  stress. 
It  was  considered  that  the  time  taken  to  reach  the  maximum  value  of 
deviatoric  stress,  added  to  the  initial  ten  minutes  of  consolidation, 
was  approximately  equal  to  the  time  taken  to  reach  ultimate  uplift 
resistance  in  the  deep  uplift  resistance  tests  in  modified  Grangemouth 
clay.  The  results  of  the  four  triaxial  tests  are  shown  in  Fig.  6.1. 
The  maximum  deviatoric  stresses  of  the  consolidated  samples  were  of 
the  order  of  two  times  those  of  the  unconsolidated  onesq  which  indicates 
that  the  short  period  of  consolidation  affected  the  structure  of  the 
second  pair  of  samples,  causing  an  increase  in  their  shear  strength. 
These  results  suggest  that  the  level  of  pressure  experienced  in  the 
vicinity  of  the  anchor  plate  for  the  duration  of  the  deep  uplift  re- 
sistance  tests  in  modified  Grangemouth  clay  caused  consolidation  and 
a  consequent  increase  in  the  shear  strength  of  the  clay  in  the  vicinity 
of  the  anchort  which  may  account  for  the  higher  values  of  uplift  re- 
sistance  obtained  in  the  deep  uplift  resistance  tests  in  this  clay. 
Fig.  4.28  illustrated  that,  as  the  value  of  D/B  decreasedg  the 
valueq  of  the  ultimate  uplift  resistance  factor  F,,.  for  modified 
Grangemouth  clay  became  closer  to  those  for  glyben.  In  view  of  the 
above  argument,  this  could  be  expectedt  since  in  the  shallower  tests, 
the  pressures  on  the  clay  in  the  vicinity  of  the  anchor  were  less  than 
in  the  deeper  tests  and  less  time  elapsed  before  ultimate  uplift  resis- 
tance  was  attained,  and  consequently  less  consolidation  of  the  clay 
occurred. 
The  upper  curve  in  Fig.  4.10  illustrates  a  representative  stress- 
strain  curve  for  an  unconfined  triaxial  compression  test  on  a  1-;  'au  inch 
diameter  sample  of  modified  GranEemouth  clay.  The  sample  reached 
maximum  deviatoric  stress  at  approximately  27'/o  sample  strain.  Table  4.2 
93 ,  shows  that  the  ratio  of  tensile  strength  to  compressive  strength  of  C). 
the  modified  Grangemouth  clay  was  of  the  order  of  1:  2.75  and  the  lower 
curve  in  Fig-  4.10  illustrates  that  the  maximum  tensile  strength  of 
the  sample  was  attained  at  about  20c/o  sample  strain,  which  caused 
considerable  "necking"  in  the  sample  prior  to  ultimate  failure.  Fig. 
C-3  (c)  shows  a  plan  view  of  the  cross-section  of  the  plane  of  failure 
and  illustrates  the  considerable  reduction  in  sample  diameter  due  to 
"necking"  compared  with  the  "layered"  glyben  sample,  shown  in  Fig. 
ýo  sample  strain.  C-3(a),  which  failed  at  about  3 
B.  Volume  Change  Test 
The  volume  change  test  is  described  in  Appendix  D  and  is  essentially  C-ý 
a'test  to  determine  the  immediate  compressibility  of  a  sample  of 
material.  Since  clays  have  low  values  of  permeabilityj  the  change  of 
volume  due  to  the  expulsion  of  porewater  from  a  loaded  sanple  of  clay 
is  a  gradual  process.  However,  any  air  which  is  entrapped  in  the 
0 
sample  will  be  reduced  in  volume  when  the  pressure  on  the  sample  is 
increýsed  and  it  is  this  reduction  in  volume  which  is  measured  in  the 
Volume  Chan-e  Test.  a 
If  any  appreciable  reduction  in  the  volume  of  the  uplift  rosist- 
ance  sýmple  occurred  due  to  a  compEession  of.  e'ntrapped  air  voids  during 
the  uplift  resistance  testp)  then  some  proportion  of  tIr  total  amount 
of  anchor  displacement  in  the  tests  could-be  attributed  to  this  volume 
chang  .  e.  The  purpose  of  the  volume  change  test  was  to  ascertain  whether 
any  significant  proportion  of  the  anchor  displacement  in  the  uplift 
resistance  tests  was  due  to  the  compression  of  air  voids  in  the  uplift 
resistance  sample. 
Glyben.  Fig-  4-11  shows  that  the  reduction  of  volume  of  the  four 
inch  diameter  sample  of  batch  no.  3  glyben,  which  was  assumed  to  be  a 
sample  representative  of  all  of  the  batches  of  glyben,  varied  almost 
linearly  with  the  increase  in  cell  pressure.  However,  it  was  found 
94 that  negligible  volume  chan5e  occurred  due  to  deviatoric  stresses 
applied  to  the  sample  up  to  failure.  Table  4.4  shows  that  the  maximum 
pressure  to  which  batch.  no.  3  glyben  was  subjected  in  the  uplift  resis- 
tance  tests  by  the  anchor  plate  was  of  the  order  of  70  kN/m 
2. 
If  ths- 
curve  for  glyben  shown  in  Fic:., 
). 
4.11  is  extended  linearly,  it  shows 
that  a  cell  pressure  of  70  nT/M 
2 
would  cause  a  volume  change  in  the 
four  inch  diameter  sample  of  approximately  1.7c,!  o-  It  is  difficult  to 
interpret  this  result  in  terms  of  the  volume  change  in  the  uplift 
resistance  sample.  Howeverl  Figs-  5.17  to  5.22  do  indicate  that  the 
high  values  of  stress  near  the  anchor  dissipated  rapidly  in  the  soil 
with  increasing  distance  from  the  anchor  plate.  Moreover,  it  can  be 
assumedthat  the  major  part  of  the  effect  of  the  anchor  pressure  and 
movement  in  the  soil  was  equivalent  to  the  effect  of  the  deviatoric 
stress  which  caused  no  perceptible  volume  chancge  in  the  four  inch 
diameter  sample.  In  view  of  these  considerations,  it  was  concluded 
by  the  author  that  only  a  veiy  small  decrPase  in  volume  occurred  in 
the  -,  Iyben  sanples  due  to  the  conpression  of  entrapped  air  voids 
during  the  uplift  resistance  tests  and  that  a  negligible  proportion  of  U 
C) 
the  anchor  displacement  to  ultimate  uplift  resistance  in  Slyben  tests 
was  a  result  of  this  volume  decrease. 
TTodifiPd  Granpemouth  clay.  Fig)-  4.11  shows  that  the  reduction  of 
volume  of  the  sample  of  modified  Grangemouth  clay  due  to  an  increase 
in  cell  pressure  was  almost  negligible.  It  uas  also  found  that 
negligible  volume  change  occurred  due  to  deviatoric  stresses  applied 
to  the  sample  up  to  failure.  It  was  therefore  concluded  that  a 
negligible  fraction  of  the  anchor  displacement  to  ultimate  uplift  re- 
sistance  in  modified  Grangemouth  clay  was  the  result  of  volume  chance 
due  to  the  compression  of  air  voids  in  the'sample. 
6.3.  Discussion  of  the  ppsults  of  Vie  Model  Uplift  Resistan.  ce-  Tests  and 
the  Finite  Element  Analysis 
95 In  this  section  the  re  SU14S  obtained  from  model  uplift  resistance 
tests  conducted  by  the  author  and  the  results  obtained  from  the  finite 
element  analysis  will  be  discussed  and  compared.  Table  6.1  lists  the 
types  of  measurement  which  were  exdlusive  to  either  tile  model  testing 
method  or  the  finite  element  analysis  and  also  the  types  of  measurement 
which  could,  be  obtained  from  both  methods.  The  results  of  the  model 
tests  and  finite  element  runs  will  be  divided  into  five  sections  for 
discussion: 
A.  Internal  displacements  and  cracking. 
B.  Surface  displacements  and  cracking. 
C.  The  ielationship  between  uplift  resistance  and  anchor  displacement. 
D.  Me  values  of  ultimate  uplift  resistance. 
E.  The  magnitude,  direction  and  distribution  of  stresses. 
Since  the  topics  discussed  in  sections  A  to  E  are  closely  inter- 
related,  they  cannot  be  discussed  satisfactorily  in  isolation  and 
thus  the  he3dings  for  these  sections  denote  only  the  primary  subjects 
for  discussion  in  each  section  but  do  not  oxclude  the  discussion  of 
subjects  from  other  sections  when  they  are  considered  to  be  relevant. 
Before  a  discussion  and  comparison  of  the  model  test  results  are 
made,  ýonsideration  will  be  given  to  the  effect  of  the  method  of 
preparation  of  (i)  the  "split-box"  and  (ii)  the.  1'rotated-box"  samples 
described  in  chapter  4,  on  the  results  of  the  tests.  This  consideration 
is  introduced  at  this  stage  since  the  assumptions  which  will  be  made 
concerning  the  "split-box"  and  "rotated-box"  samples  will  be  used  0 
extensively  throughout  the  following  discussion. 
C.  3  C) 
(i)  Split-Box  Samples.  In  test  no-  53,  a  "layered"  sample  of 
glyben  was  prepared  and  tested  in  the  split-box  before  being  "split" 
open.  In  test  no-  54,  an  equivalent  sample,,  eas  prepared,  cut  open 
and  coloured  strips  were  added  before  the  sample  was  clamped  to,  ",  ether 
again  and  tested.  After  the  test,  the  sample  was  "split"  open.  It 
I 
96 was  found  that  the  ultimate  uplift  resistance  values  of  the'two 
samples  wexe  almost  identical,  as  shown  in  Fie.  4.29,  and  the  anchor 
displacements  to  901"Q  of  ultimate  uplift  resistance  were  similar,  as 
was  shown  in  Fig-4.26.  The  shape  of  the  uplift  resistance  versus 
anchor  displacement  curves  (not  shown)  and  the  shapes  of  the  surface 
displacements  at  ultimate  uplift  resistance,  as  illustrated  in  Figs. 
4-15  and  4.16  respectively,  were  also  similar.  It  was  concluded.  9  on 
this  evidence,  that  the  weak  bond  on  the  vertical  section  through  the 
centre  of  the  anchor-plate,  caused  by  the  cutting  open  of  the  sample 
prior  to  the  addition  of  the  coloured.  strips,  had  a  negligible  effect 
on  the  results  of  the  tests. 
(ii)  "Rotated-Box"Samples.  The  shape  of  the  surface  bulgeq 
caused  by  the  anchor  as  it  neared  the  surface  of  the  uplift  resistance 
sample  during  the  test,  appeared  to  differ  between  the  "rotated-box" 
shallow  samples  and  the  "non-layered"  shallow  samples,  bein.  -  slightly 
elliptical  in  the  "rotated-box"  samýles  and  circular  in  the  "non- 
layercd"  samples.  However,  an  examination  of  the  values  of  ultimate 
uplift  resistance  of  samples  of  "rotated-box"  glyben  showed  them  to  be 
almost  identical  to  those  for  "non-layered"  olyben,  as  illustrated  in 
Figs.  4.28  and  4.29.  The  amount  of  anchor  displacement  to  9eio  of 
ultimate  uplift  resistance  was  very  similar  in  the  two  categories  of 
tests,  as  shown  in  Fig.  4.26,  and  the  shape  of  the  uplift  resistance 
versus  anchor  displacement  curve's  (not  shown)  were  alsd-similar.  In 
view  of  these  results,  the  "rotated-box"  samples  will  be  assumed  to  be 
representative  of  "non-layered"  samples  except  with  respect  to  surface 
displacement. 
A.  Internal  Displacements  and  Crackinv 
Internal  displacement  and  cracking  in  shallow  anchor  tests.  In 
this  soction  the  internal  displacement  and  crackinS;  patterns  in  the 
shallow  anchor  model  tests  will  be  discussed  and  compared  wiih  the 
97 corresponding  values  of  nodal  displacements  obtained  from  the  finite 
element  analysis.  In  addition,  a  theory  concerning  the  possible  modes 
of  ultimate  failure,  based  on  observations  of  the  model  testso  will  be 
proposed  for  shallow  anchors  in  purely  cohesive  soils  of  relatively 
low  tensile  strength  in  which  cracking  occurred. 
Fig.  6.2  shows  sketches  of  the  sections  through  the  centre  of 
the  shallow  anchor  samples  at  ultimate  uplift  resistance  which  were 
illustrated  in  the  photographs  in  (i)  Fig-  4-12  for  "rotated-box" 
glyben,  (ii)  Figs.  4.15  and  4.16  for  "layered"  glyben,  and  (iii)  Fig. 
4.17  for  modified  Grangemouth  clay.  Pig.  6.2  als6  includes  a  sketch 
of  the  shape  of  the  mesh  predicted  in  the  shallow  anchor  finite  element 
run  at  ultimate  uplift  resistance  and  shown  in  Fig-  5.6.  In  the 
C 
sketches,  lines  were  drawn  from  the  ed,, 
_ýe 
of  the  anchor  plate  in  its 
original  position  before  the  commencement  of  the  test,  to  the  point  of 
inflexion  of  the  clay  surface  at  maximum  uplift  resistance.  The  angles 
between  these  lines  and  the  verticar  varied  from  approximately  20  to 
26  degrees  in  the  model  testsbut-the  angle  was  very  small  in  the  finite 
element  case.  The  finite  element  analysis  showed  a  cylindrical  slip 
failure  surface  as  predicted  by  the  Shearing  Theory  (2.2.  A),  whereas  C) 
the  moqel  tests  showed  that  the  soil  which  was  displaced  by  the  anchor 
movement  was  in  the  form  of  a  truncated  cone.  This  difference  appears 
to  be  the  result  of  cracking  in  the  model  soil  samples.  Each  of  the 
photographs  of  the  sections  of  these  samples  indicates  a  major  crack, 
shown  as  AB  in  Fig.  6.29  which  propagated  from  the  edge  of  the  anchor 
plate  in  its  original  position  at  an  angle  of  the  order  of  20  degrees 
to  the  horizontal  to  a  distance  of  approximately  one  half  of  the  anchor 
plate  diameter  from  the  &dge  of  the  anchor  plate.  This  crack  was  a 
result  of  the  relatively  high  tensile  stresses  created  in  this  region 
by,  the  anchor  movement.  An  indication  of  the  level  of  these  tensile 
stresses  is  given  in  Figs-  5-17  and  5-18.  In  the  following  paragraphs,  U 
a 
98 ,  possible  modes  of  ultimate  uPlift  failure  for  shallow  anchors  are 
proposed  by  the  author. 
"". 
Fig.  6.3  illustrates  the  mode  of  ultimate  failure  predicted  by 
the  finite  element  method  for  shallow  anchors  in  purely  cohesive  soil 
in  which  the  values  of  tensile  strength  and  compressive  strength  were  U 
I- 
assumed  to  be  equal  and  in  which  no  crackina  of  the  soil  was  assumed  C> 
to  occur.  It  was  recognised  that  the  assumption  of  a  "non-cracking" 
material  was  unrealistic  in  as  r,  -uch  as  cracking  will  occur  in  most 
.,. 
6 
purely  cohesive  soils  under  certain  conditions  of  stress.  Fig  .4 
illustrates  the  mode  of  ultimate  failure  proposed  by  the  author  for 
shallow  anchors  in  purely  cohesive  soils  in  which  the  value  of  tensile 
strength  was  considerably  less  than  the  value  of  compressive  strongth 
and  subsequent  cracking  in  the  tensile  regions  could  occur.  This 
C, 
soil  will  be  referred  to  as  "cracking"  soil. 
Considering  both  Figs.  6.3  and  6.4t  an  initial  load  of  F,  is 
applied  to  the  anchor.  In  the  "non-cracking"  material  shown  in  Pig. 
6-3(a),  a  resulting  vertical  displacement  of  the  anchor  occurs  and 
the  soil  in  the  shaded  region  P,  yields.  This  yield  is  due  to  the 
(0, 
discontinuity  of  the  edge  of  the  anchor  plate  which  causes  very  high 
values'of  stress  in  its  immediate  yicinity.  Yielding  occurs  in  region 
P,  when  the  limiting  value  of  shear  stress  in  the  material  is  ex- 
c  eeded.  In  the  "cracking"  material  shown  in  Fig.  6-4(a),  a  similar 
type  of  yielding  occurs  in  the  shaded  region  P,  ' 
In  addition,  the 
C..  4 
load  causes  the  limiting  value  of  tensile  stress  in  the  region  immed- 
>0 
iately  below  the  ed,  -,  e  of  the  anchor  to  be  exceeded  and  crack  AIBI 
to  be  formed.  This  crack  propagates  and  the  displacement  of  the  anchor  u 
plate  continues  to  displacement  when  the  forces  which  are  re- 
sisting  the  upward  movement  of  the  soil  mass  become  equal  to  the  anchor 
force  F, 
.  These  resistingy,  forces  are  the  force  due  to  the  weight  of 
the  soil  and  the  force  arisin-  from  the  bendini,  moment  M  shown  in 
99 Fi,  -,,.  6.4(a),  due  to  the  structural  stiffness  of  the  soil.  Thusý 
after  the  initial  load,  the  movement  which  has  occurred  in  the 
!  'cracking"  soil  is  considerably  greater  than  in  the  "non-cracking" 
soil. 
A  second  load,  making.  the  total  load  equal  to  F2.  is  now 
added  to  the  anchor.  In  the  "non-cracking"  material  shown  in  Fig. 
6.3(b),  the  total  anchor  displacement  becomes  S. 
and  tho  yield  zone 
0  In  the  "cracking"  soil  shmm  in  Fi,,,,,,.  6  -extends  to  region  P2. 
.C  .4 
(b) 
-,  yield  occurs  in  the  region  P2"  but  the  crack  A2.  B'2.  propagates 
until  the  downward  forces  due  to  the  soil  weight  plus  the  force  arising 
from  the  bending  moment  M  are  equal  to  the  anchor  load  F.  At  Cj 
this  stage  the  total  amount  of  displacement  of  the  anchor  C) 
S2. 
in  the  "crack-ing"  case  has  caused  a  considerable  radial  tensile  region 
ý  to  form  near  the  surface  of  the  clay  with  possible  resulting  cracking. 
t  A  third  load  is  now  added  to  the  anchor  plate  to  bring  the  total  C, 
:  load  to  F3 
-  In  the  llnon-crackinývf  case  shown  in  Fig.  6-3(c),  the 
,  total  anchor  displacement  becomes  IS3  and  the  yield  zone  extends,  to 
,. 
In  the  "cracking"  case,  yield  extends  to  region  P  and  the  Pu0a 
crack  propagates  to  A3B  Howevert  in  this  case  the  anchor  Ci  .3 
'continues  to  displace  under  the  load  F.  indicating  tIat  ultimate 
-failure  of  the  soil  has  occurred  in  either,  of  the  following  two  ways:  U 
a  crack  CD  ,  due  to  excess:  ive  tension  in  the  region  T,  extends 
from  the  surface  of  the  clay  to  the  plastic  yield  zone  P3  I 
causing  the  general  slip  failure  surface  CD  B3  which  is  shown  U 
in  Fig.  6-4(c)-  Me  cracking  pattern  in  Fig.  4.12  indicates 
this  type  of  failure.  A  similar  mode  of  failure  was  proposed  by 
Matsuo  (1967)  in  his  the6ry  (2.2.  E). 
(b)  a  continuous  extensionp  at  limiting  tensile  stress,  of  the 
material  shown  in  the  re.  gions  X  above  the  zone  of  shear 
.3 
shown  in  Pig,  6  failure  p 
-4(d).  Pig.  4.17  indicates  this 
type  of  failure. 
100 ; ", 
In  both  cases  (a)  and  (b  ),  failure  is  termed  general  failure 
since  one  surface  of  yielded  material  extends  from  the  anchor  plate  to 
the  soil  surface.  In  section  6-3.  C  an  explanation  of  why  failure  of 
type  (a)  occurred  in  some  laboratory  model  tests  and  failure  of  type 
(b  )  occurred  in  others  will  be  presented. 
An  additional  load  which  makes  a  total  lmd  of  F4.  can  be  added 
to  the  anchor.  in  the  "non-cracking"  soil  case  in  order  to  extend  the 
yielded  region  to  P4- 
,  as  shown  in  Fig.  6-4(d),  and  cause  a  cylin- 
drical  General  slip  failure  surface. 
To  sum  up,  in  shallow  anchor  tests  on  soils  with  hi,  ":,  h  tensile 
strength  in  which  cracking  at  limiting  tensile  stress  in  the  material  00 
does  not  occur,  ultimte  failure  is  caused  by  a  "-punching"  failure  in 
which  the  ultimate  uplift  resistance  of  the  soil  is  equal  to  the 
total  value  of  limitina  shear  stress  on  a  cylinder  of  soil  of  diameter 
equal  to  that  of  the  anchor,  and  heiCht  equal  to  the  depth  of  placement 
of  the  anchor,  as  postulated  in  the  'Shearing  Theory  (2.2.  A).  In  the 
case  of  soils  with  relatively  low  tensile  strength  in  which  cracking 
can  occur,  ultimto  failure  is  caused  by  a  combination  of  shear  failure 
and  failure  due  to  cracking  or  continuous  extension  in  the  regions  of 
high  tensile  stress.  'Ibese  re.  -  Ul  ., 
ions  are  a  result  of  large  displacements 
of  the  anchor  and  soil,  caused  by  the  propagation  of  a  crack  through 
the  zone  of  soil  in  tension  in  the  vicinity  of  the  edge  of  the  anchor 
in  its  initial  position.  This  crack  is  allowed  to  propagate  due  to 
the  lack  of  structural  stiffness  of  the  soil  above  the  anchor  plate  in 
the  shallow  anchor  tests.  The  value  of  ultimate  uplift  resistance  in 
the  "cracking"  case  will  always  be  less  than  or  equal  to  the  "punching" 
value  of  ultimate  uplift  resistance. 
Since  most  clays  have  values  of  tensile  streng  ,. 
th  which  are  con- 
-siderably  below  their  values  of  compressive  stren,  -,  th  and  also  exhibit 
cracking  unL]er  conditions  of  limiting  tonsile  stress,  stresses  and  C"> 
101 ultimate  lo3ds  predicted  by  the  finite  element  analysis  will  be  an 
upper  bound  and  moot  shallow  anchors  in  clay  will  reach  ultimate 
failure  by  the  mode  described  above  for  "cracking"  clays.  The  values 
of  anchor  displacement  to  failure  and  the  values  of  ultimate  uplift 
resistance  in  the  shallow  anchor  model  tests  will  be  discussed  in 
sections  6-3C  and  6.3D  respectively. 
Internal  dispIncement  and  cracking  in  dee-n  anchor  tests.  Fig.  4.14 
.  illustrated  the  amount  of  anchor  di-splacement  and  the  displacement 
pattern  of  the  soil  which  occurred  in  "rotated-box"  test  no-  52t  with 
D/2) 
=  4-5,  at  ultimate  uplift  resistance.  A  length  of  white  thread 
C. 
was  placed  around  the  area  of  clay  which  was  visibly  affected  by  the 
anchor  movement,  and  showed  that  the  extent  of  the  failure  was  limitedp 
indicating  that  a  local  type  of  failure  had  occurred.  It  is  not  possible  U 
to  ascertain  the  extent  of  the  plastic  region  from  the  photograph, 
but  the  values  of  ultimate  uplift  resistance  obtained  from  the  deep 
anchor  model  tests  wcre  in  relatively  close  agreement  vrith  the  ultimate 
values  which  were  predicted  by  Vesic  (1965)  and  Ileyerhof  and  Adams 
(1968).  'Lliese  will  be  discussed  further  in  section  6.4.  The  absence 
of  any  cracking  nay  be  noted.  Although  the  same  regions  of  high 
tensile  strcss  which  were  found  in  the  sý,  allow  tests  will  exist  in  the 
vicinity  of  the  anchor  plate  in  the  deep  tests,  as  indir.  ated  in  Pigs. 
5.20  and  5.21,  the  combination  of  the  high  values  of  self  weight  and 
the  large  resistance  moment  due  to  the  high  value  of  the  structural 
stiffness  of  the  sample  at  depth  will  preclude  the  propagation  of 
cracking.  In  this  case,  the  load  required  to  cause  ultimate  local 
0 
failure  will  be  less  than  the  load  required  to  cause  cracking. 
Fig.  5.8  showed  the  displacement  of  the  deep  anchor  and  the 
resulting  displacement  of  the  soil  which  was  predicted  by  the  finite 
0 
element  analysis  as  ultim3te  uplift  resistance  was  approached.  As 
stated  in  chapter  59  the  finite  element  program  has  not  been  designed 
102 to  take  account  of  the  type  of  local  failure  predicted.  by  Vesic  (1965) 
and  I-Teyerhof  and  Adams  (1968).  Fig-  5.8  shows  therefore  the  form  of 
displacement  which  would  have  occurred  when  a  general  type  of  failure 
was  imminent.  Iffic  value  of  ultimate  uplift  resistance  in  local 
!.  'ailurc,  as  demonstrated  by  the  model  tests,  will  always  be  less  than 
. 
the  value  of  ultimate  uplift  resistance  which  occurs  in  general  failure 
in  deep  anchors.  Thus,  in  deep  anchor  situations,  local  type  of 
failure  will  always  occur  and  the  general  failure  pattern  predicted 
for  deep  anchors  by  the  finite  element  analysis  will  be  largely 
hypothetical. 
Interml  dispIncenent  and  crackinp  in  the  intermediate  depth  of 
anchor  tests.  Pig.  4.13  illustrated  the  amount  of  anchor  displace- 
. 
ment  and  the  displacement  and  cracking  pattern  of  the  soil  which 
occurred  at  ultimate  uplift  resistance  in  "rotated-box"  test  no.  50 
with  3.0.  Some  cracl.  ring  was  apparent,  although  considerably  U, 
ýless  crackin-  occurred  than  in  the  equivalent  shallow  anchor  test 
,  shown  in  Fig.  4.12.  There  ýas  also  less  displacement  of  the  soil  at 
and  near  the  surface  of  the  sample  than  in  #e  sballoý-.  '  anchor  case. 
It  may  therefore  be  assumed  that  ultimate  failure  at  this  depth 
comprýsed  a  combinaticn  of  general  failure  and  local  failure  character- 
istics. 
B.  Surface  Displacements  and  Cracking 
Fig-  4.10  ijlustrated  the  ratio  of  surface  displacement  immed- 
iately  above  the  centre  of  the  anchor  plate  to  anchor  displacement  at 
90'/,  Of  ultimate  uplift  resistance,  plotted  against  the  anchor  depth  to 
breadth  ratio  for  the  displacement-controlled  model  pushout  tests.  In 
the  very  shallow  tests  the  clay  surface  was  displaced  by  virtually 
the  same  amount  as  the  anchor  plate,  which  suggests  a  r-eneral  type  of 
failure  of  the  soil.  In  the  deep  anchor  testsq  very  little  surface 
displacement  occurredq  which  supports  the  argument  that  proposed'a 
103 local  type  of  feilure  of  the  soil  in  these  tests.  In  Fig.  4.18  the 
results  for  the  various  categories  of  tests  described  in  Table  4.3  appear  CA 
in  general  to  fall  on  or  near  to  the  best-fitting  curve  drawn  through 
the  points  which  represent  the  tests  in  "layered"  glyben.  However, 
the  results  for  the  "rotated-box"  tests  (nos.  47  to  52)  are  consist- 
ently  well  below  this  curve,  and  a  xeason  for  this  will  be  postulated 
later  in  this  section. 
In  order  to  illustrate  clearly  the  bulging  and  cracking  which 
occurred  at  the  surface  of  a  sample  in  a  shallow  anchor  test,  the 
displacement  of  the  anchor  in  "layered"  glyben  test  no.  8,  with  D- 
1-5,  was  continued  to  a  displacement  of  2.6  times  that  at  ultimate 
uplift  resistance,  and  the  resulting  surface  bulges  were  shown  in 
elevation  and  plan  view  in  Figs.  4.19(a)  and  (b)  respectively.  Fig. 
4-19(a)  also  showed  the  position  of  the  anchor  plate  relative  to  the 
soil  surfdne  at  this  stage  in  the  test.  It  was  noted  that  althoug  the 
U  gh 
height  of  the  bulge  increased  with  increasing  anchor  displacementp  the 
diameter  of  the  bulge  remained  approximately  constant.  The  shape  of 
the  bulge  in  elevation  in  Fig.  4-19(a)  was  typical  of  shallow  anchor 
tests  in  both  glyben  and  modified  Grangemouth  clay  in  the  range  0.6  4 
D/B  4-  2.0.  In  very  shallow  anchor  tests  with  DL  less  than  0.6, 
the  bulge  had  a  flatter  top  surface  and  steeper  sides  than  shown  in 
Fig.  4.19  (a).  In  deep  anobor  tests,  little  bulging  of  the  surface 
occurred  at  ultiiqate  uplift  resistance. 
Pig.  4.20  illustrated  GTYB 
,  the  ratio  of  the  diameters  of  the 
bulges  to  the  diameters  of  the  anchorst  plotted  against  D/B  the 
C, 
anchor  depth  to  breadth  ratios,  for  tests  in  which  these  measurements 
could  be  rade.  The  values  ranced  from  approximately  1.75  at  D% 
-  0.5  to  2.5  at  D/B  4.0.  In  the  tests  in  which 
D/B 
was  Cgreater 
than  about  2.0,  no  measureable  bulge  was  formed  on  the  surface  at  U 
ultimate  uplift  resistance  and  ancbor  displacement  was  continued  beyond 
ultimate  uplift  resistance  in  order  to  obtain  the  measurement  of  bulge 
104 diameter. 
Although  an  accurate  measurement  of  the  surfacc  bulge  diameter 
, w-as  obtained  for  only  one  test  (no.  47)  of  the  "rotated-box"  series, 
it  was  noted  that  the  surface  bulges  in  all  three  shallow  anchor 
"rotated-box"  tests  (nos.  47  to  49)  were  slightly  elliptical  in  shape, 
as  opposed  to  the  normal  circular  shape  shown  in  Fig.  4.19.  It  was 
also  noted  that  the  average  diameters  of  these  bulges  were  significantly 
greater  than  in  each  of  the  other  categories  of  tests  shown  in  Table 
4-3.  These  differences  in  shape  and  size  of  the  bulge  were  attributed 
to  the  non-axisyirmetric  nature  of  the  tests,  which  had  weak-bonded 
layers  on  the  parallel  vertical  planes  shown  in  Fig.  4-8(c).  It  was 
assumed  that,  for  anchors  with  the  same  diameters  and  equal 
D/B 
ratiost  the  some  volume  of  material  would  be  displaced  at  the  surface 
for  equal  anchor  displacements.  Thus,  if  the  diameter  of  the  bulge 
were  greaterg  the  height  of  the  bulge  would  be  less.  The  lower  values 
of  surface  to  anchor  displacement  ratios  illustrated  in  Fig.  4-18  for 
the  "rotated-box"  tests  supported  this  assumption. 
Fig-  4.19(b)  showed  the  extensive  cracking  pattern  which  occurred 
on  the  clay  surface  at  an  anchor  displacement  of  2'.  6  times  that  at 
ultimate  uplift  resistance  in  "layered"  glyben  test  no.  8  with  D/B 
=  It  may  be  noted  that  the  6-racking  did  not  extend  beyond  the 
boundary  of  the  bulge.  The  cracking  on  the  surface  was  due  to  the 
regions  of  high  radial  tensile  stresses  at  or  near  the  surface,  caused 
by  the  displacement  of  the  anchor  plate  as  discussed  in  the  previous 
section.  The  "starfish"  shape  of  the  cracking  pattern  was  typical 
U 
of  tests  in  both  glyben  and  modified  GranSemouth  clay.  The  size  of 
the  cracks  were  related  directly  to  the  height  of  the  bulge.  In 
shallow  anchor  tests,  surface  cracks  appeared  soon  after  the  start 
of  the  test  and  well  before  ultimate  uplift  resistance  was  attained. 
In  deep  tests,  no  surface  cracks  were  evident  at  ultimate  uplift 
resistance. 
105 C.  Relationshin  betwepn  Uplift  Resistance 
and  Anchor  DisT)lncoment 
In  this  section  the  factors  which  affect  the  relationship  between 
anchor  displacement  and  the  corresponding  value  of  uplif  t  resistance 
in  ý  the  uplift  resistance  tests  on  samples  of  "layered"  and  'bon-layered" 
glyben  and  modified  Grangemouth  clay  and  in  the  finite  element  I-) 
analysis  will  be  discussed.  The  effect  of  suction  below  the  anchor 
plate  and  creep  in  the  laboratory  model  samples  will  also  be 
discussed. 
Displacement-controlled  model  tests  without  suction  and  the 
finite  element  analysis.  Fig.  5-12  depicted  curves  of  the  uplift 
resistance  factor  F  corresponding  to  the  anchor  displacement  ratio 
for  finite  element  runs  19  2  and  3  at  D/,,  values  of  1.59  3.2 
10 
and  5.25  respectively.  The  figure  indicates  that  the  value  of  ultimate 
uplift  resistance  was  directly  PrODortional  to  the  D/B  ratio  of  the 
tests,  as  proposed  by  the  Shearing  Theory  (2.2.  A),  and  that  the 
0 
amount  of  anchor  displacement  to  ultimate  uplift  resistance  was 
approximately  proportional  to  the  D/B 
ratio  of  the  tests,  However, 
whereas  the  finite  element  analysis  predicted  a  general  type  of 
failure  at  all 
% 
ratios,  the  laboratory  model  tests  showed  that  a 
combination  of  general  and  local  type  failure  occurred  in  the  inter- 
mediate  depth  of  anchor  tests  and  local  type  failure  occurred  in  the 
deep  anchor  tests.  Figs.  4.28  and  4.26  indicated  that  neither  ultimate 
uplift  resistance  nor  the  amount  of  anchor  displacement  to  ninety 
percent  of  ultimte  failure  rcspectivoly  were  directly  proportional 
to  the  % 
ratio  for  other  than  shallow  anchors. 
Fig.  6.5  compares  the  curves  of  F  'I  cla/.  for  shallow  nnchor 
tests  in  "layered"  and  "non-layered"  glyben  and  modified  Granc-emouth 
u 
clay  and  the  results  from  the  finite  element  analysis  for  a  shallow 
anchor,  taken  Kom  Pirs.  4.21,4.22P  4.23  and  5.12  respectively. 
106 Considerable  differences  in  the  shapes  of  the  curves,  the  values  of 
ultimate  uplift  resistance  and  the  amount  of  anchor  displacement  to 
ultimate  uplift  resistance  are  indicated.  These  differences  will  be 
discussed  by  a  comparison  of  the  Fv  Iýa/13  curves  for  (a)  "layered" 
and  "non-layered"  glyben,  (b)  "non-layered"  glyben  and  modified 
Grangemouth  clay  and  (c)  "non-layered"  glyben  and  the  finite  element 
analysis. 
(a)  "Layered"  and  "non-Inyerpdl'  g1vben.  Although  the  curve  for  a 
"rotated-box"  sample  of  glyben  is  illustrated  in  Fig..  6.5,  the, 
sample  is  assumed  to  be  "non-layered"  for  the  reasons  discussed 
at  the  beginning  of  section  6.3.  The  slope  of  the  "non-layered" 
curve-is  steeper  than  that  of  the  "layered"  curve  and  a  higher 
value  of  ultimate  uplift  resistance  is  attained  at  a  smaller 
amount  of  anchor  displacement.  As  was  discussed  in  section  6.2.  A, 
no  significant  differende  existed  between  the  results  of  a  series 
of  unconfined  triaxial  compression  tests  on  samples  of  both 
"layered"  and  "non-la-yered"  glyben,  whereas  a  considerable 
difference  existed  between  the  values  of  tensile  strength  of  the 
two  materials,  as  was  shown  in  Fig.  4.9.  By  taking  account  of 
these  resultsq  a  possible  explanation  of  the  difference  between 
the  FV  da/15  curves  of  the-"layered"  and  "non-layered"  glyben 
samples  can  be  demonstrated  by  analogy.  Fig.  6.6(a)  illustrates 
a  lbad  being  applied  to  a  stack  of  loose  cards.  Each  card  re- 
presents  a  separate  layer  of  glyben  and  the  stack  of  loose 
cards  simulates  the  "layered"  glyben  sample,  with  the  assumption  C. 
that  the  weak  tension  bond  between  the  layers  is  also  a  weak 
bond  in  shear.  Fig.  6.6  (b)  illustrates  the  same  load  being 
.  plied  to  the  stack,  but  in  this  case  the  cards  are  Clued  ap 
.. 
block  is  isotropic  to.  cether  and  it  is  assumed  that  the  resulting 
and  represents  the  "non-layered"  r,;  lyben.  In  the  loose  stack, 
the  cards  can  slide  over  one  another  when  the  load  is  applied 
107 and  a  large  displacement  of  the  load  can  result.  The  isotropic 
U. 
card  block  will  have  a  higher  value  of  structural  stiffness  than 
the  separate  cards  and  much  less  movement  will  take  place  when 
the  same  load  is  applied.  In  additiong  the  sliding  of  the 
separate  cards  will  relieve  the  high  radial  tensile  stress  con- 
centrations  which  may  occur  in  region  T  in  the  isotropic  block, 
shown  in  Fig.  6.6.  (b).  This  explanation  accounts  for  the  small 
amount  of  cracking  in  the  "layered"  shallow  anchor  glyben  samples  U 
at  ultimate  uplift  resistance,  illustrated  in  Figs.  4.15  and  4.16, 
co=ared  with  the  cracking  in  the  equivalent  "non-layered" 
glyben  sample,  illustrated  in  Fig-  4.12. 
Referring  to  pig.  6.5,  when  a  load  which  resulted  in  an  F 
value  of  3.25  had  been  applied  to  the  anchor,  the  dm/a  ratio 
of  the  "non-layered"  test  was  approximately  0.07.  However,  in 
the  "layered"  sampleg  the  cla/8  ratio  was  greater  than  0.4  and 
it  is  assumed  that  ultimate  failure  took  place  under  this  load  by 
the  continuous  extension  in  tension  of  the  region  X  shown  in 
Fig.  6.4(d).  However,  the  "non-layered"  sample  could  continue  to 
sustain  an  increasing  amount  of  load  until  a  value  F,,  4.3 
0 
was  attained,  at  which  sta.  -e  a  tension  crack  which  extended  from 
the  surface  joined  the  yielded  portion  of  the  sample  above  the 
ed,  c,,  e  of  the  anchor  to  form  a  general  failure  surfaceg  as  illus- 
trated  in  Pig.  6.4  (c)- 
(b)  "Non-layerod"  plyben  and  modified  Grangemouth  clay..  Since  it 
was  found  by  the  author  that  the  modified  Grangemouth  clay  did 
not  exhibit  "layered"  behaviourp  it  will  be  compared  in  this  case 
with  "non-layered"  glyben.  The  slopes  of  the  FY  C10/13  curves 
, 
6-5  are  significantly  different  in  the  two  cases.  shown  in  Fig 
The  derivation  of  the  finite  element  analysis  (Appondix  E)  showed 
I  that  the  structural  stiffness  of  a  sample  of  material  in  hoth  the 
108 elastic  and  plastic  zones  was  directly  proportional  to  the 
value  of  the  elantic  modulus  of  the  material.  A  comparison  of 
the  unconfined  triaxial  compression  stress-strain  curves  in  Figs. 
4.9  and  4.10  shows  that  the  slope  of  the  glyben  curve  is  con- 
siderably  stoopor  than  the  slope  for  the  curve  of  modified 
Grangemouth  clay.  This  indicates  that  the  value  of  elastic 
modulus  and  the  resulting  structural  stiffness  in  the  glyben 
is  considerably  higher  than  for  modified  Grangemouth  clay. 
Consequently  a  greater  amount  of  anchor  displacement  will  occur 
Vemouth  clay  than  in  the  glyben  for  an  in  the  modified  Grang 
equivalent  anchor  loading.  Fio-  4.10  also  showed  that  the  stress- 
strain  curve  for  tension  extended  to  approximately  2(rio'  sample 
strain  before  failure,  compared  with  approximately  10pýý'  sample 
strain  to  failure  for  the  "non-layered"  glybeng  shown  in  Fig. 
4.9.  This  may  account  for  the  lack  of  cracking  exhibited  near 
the  surface  of  the  modified  Grangemouth  clay  sample  shown  in 
Fig-  4.17. 
(c)  I'llon-Inveredt'  plybon  and  the  finite  element  analysis.  Pi"s-  5-9,  u 
5-10  and  5-11  con.  pared  the  shapes  of  the  finite  element  analysis 
curves  for  Fv  cla/e,  in  the  shallow,  intermedia'te  depth  and 
deep  anchor  meshes  respectivery  v.  -itb  the  results  for  "non  -layered" 
, glyben  in  equivalent  laboratory  model  tests.  As  stated  pre- 
viously,  the  slope  of  the  Fv  cl--/,  curve  in  the  finite 
element  andlysis  was  prcportional.  to  whatever  value  of  elastic 
modulus  E  was  used  in  the  analysis.  Fig,  5.2  showed  the  linear 
elastic  non-strain  hardening  plasti6  stress-strain  curves  which  U 
were  assumed  in  the  finite  element  analysist  with  E'  =  1200 
2  1-11/4  E-  430  kjj/n2  '/n,  .  Because  of  the  ,  and  E=  100  ky 
shape  of  these  stress-strnin  curves,  the  relationship  between 
F  and  cyB  in  the  finite  element  runs  was  linear  %hen  all  of 
the  clements  in  the  mesh  remained  on  the  elastic  portion  of  the 
0 
log stress-strain  curve,  i.  e.  the  relationship  was  lincar  until  the 
"critical"  element  yielded.  'Tbis  is  demonstrated  in  Fig-  5.12 
by  the  linear  portions  of  the  FV  dý/, 
3  curves  from  the  origin 
to  points 
0,  @ 
and 
@. 
It  was  pointed  out  in  chapter  5  that  the  2oad-displacement 
relationships  produced  by  the  finite  element  method  were  only 
valid  at  small  values  of  element  strain,  since  the  basic  element 
stiffness  equations  were  derived  using  the  assumptions  of  small 
strain.  The  maximum  values  of  strain  in  the  "critical"  element 
at  ultimate  uplift  resistance  in  Fig-  5-9  for  E=  1200  kjj/m2,  E 
430  kr/M  2 
and  E=  100  kjj/m2  were  approximately  12'1,  f,  33FI(',  and 
18(Y/o'respectively.  Element  strains  of  greater  than  the  order  of 
10/'-'  were  considered  to  fall  outside  the  category  of  "small 
strains"  and  thus  the  Fv  cla/B  curves  for  E=  430  kT/m2  and 
E=  100  k,  T/M2  at  all  but  the  lowest  values  of  clo.  /B  did  not 
conform  to  the  basic  assumptions  used  to  develop  the  element 
stiffnesses  and  axe  included  for  illustrative  purposes  only. 
II 
This  was  also  true  for  the  higher  values  of  for  E 
430  kj/m2  and  E-  100  kN/m2  in  Figs.  5-10  and  5.11- 
With  glyben,  stress  does  not  vary  linearly  with  strain  and  C3 
no  single  assumed  value  of  in  the  finite  element  analysis 
will  produce  an  FV  da/B  curve  of  similar  shape  to  the 
Fv  "a/13 
curve  for  glyben.  Pi.  I.  I.  5-9  illustrates  that  at 
very  low  Val  ucs  of 
da.  /B 
,  the  slope  of  the  glyben  curve 
followed  the  finite  element  curve  which  used  the  "initial 
tangent"  value  of  elastic  modulus  for  glyben  E=  1200  kN/m2), 
0 
i.  e.  at  very  small  anchor  displacements  the  otrain  in  most  of  the 
, glyben  uplift  resistance  sample  was  very  small  and  the  material 
was  on  the  "initial  tansent"  part  of  its  Etress-strain  curve 
which  was  shown  in  Fig-  5.2.  As  the  anchor  displacemont  was 
increased,  the  strain  in  the  glyben  increased  also,  with  the  u 
110 result  that  the  value  of  strain  and  the  corresponding  stress  C.  1 
in 
the  glyben  was  no  longer  on  the  "initial  tangent"  portion  of  the 
stress-strain  curve.  The  shape  of  the  P.  cým/e,  curve  for 
glyben  in  Fig-  5-9  reflects  the  increasing  strain  in  the 
material. 
Fig.  4.26  surmarises  the  values  which  were  shown  in  Figs-  4.21p 
4.22,4.23  and  6.5  for  anchor  displacement  at  90/0"o  of  ultimate  uplift 
resistancel  together  with  the  results  of  the  remaining  laboratory 
model  tests,  and  illustrates  clearly  the  effect  of 
D/5 
on  anchor 
movement.  Three  distinct  curveo  are  depicted  which  show  the  values 
of  anchor  displacements  at  9(Yj'o'  of  ultimate  uplift  resistance  for 
samples  of  "non-layered"  and  "rotated-box"  glyben  to  be  of  the  order 
of  601,  'o  of  the  values  for  "layered"  glybeng  which  in  turn  were  shown 
gemouth  clay  to  be  of  the  order  of  6ep  of  the  values  for  modified  Grang 
D/-  over  the  range  of  /B  values.  Thus  the  importance  of  weak  tension 
bonding  and  the  value  of  elastic  modulus  which  were  discussed  in 
parts  (a),  (b)  and  (c)  of  this  section  are  illustrated  in  their 
effect  on  anchor  displacement.  There  is  a  considerably  greater 
scatter  of  points  on  the  "layered"  glyben  curve  than  on  the  "non- 
layered"  glyben  and  modified  Grangemouth  clay  curvesq  which  possibly 
indicates  that  the  thickness  of  the  layers  and  the  bonding  between 
them  was  not  constant  in  the  "layered"  uplift  resistance  test  samples. 
Displacement-controlled  model  tests  with  suction.  Fig.  4.24 
showed  the  Fy  CIL/B  curves  for  shallow  anchor  pullout  tests  in 
"layered"  glyben  with  and  without  the  suction  effect.  The  effect  of 
the  suction  in  these  tests  increased  the  value  of  F  by  between  60'1'b 
and  80/'0?.  The  maximum  value  of  suction  was  of  the  order  of  27  k.  N/m2 
compared  with  the  value  of  19  kN/m2  obtained  by  Ali  (1968)  from 
pullout  tests  conducted  from  the  surface  of  bentonite  and  water 
samples.  After  the  maximum  value  of  uplift  resistance  pressure  had 
ill, been-attained  in  the  test  with  suctiong  subsequent  values  of  uplift 
resistance  pressure  fell  sharply.  An  examination  of  the  cavity  below 
the  anchor  plate  after  completion  of  the  test  showed  that  the 
cylindrical  walls  of  the  cavity  had  collapsed  inwards  at  Ultimate 
failure,  which  partly  relieved  the  suctional  effect  and  caused  the 
marked  drop  in  uplift  resistance  pressure.  It  was  considered  by  the 
author  that  this  form  of  failure  was  entirely  different  from  the 
failure  mechanism  of  the  uplift  resistance  tests  without  suction  and 
should  be  considered  in  a  separate  investiaation. 
,I,  -,  Load-controlled  model  tests.  Fig.  4.25  illustrated  the  F  v(10,  /a 
ýcur'ves  for  equivalent  load-controlled  and  displacement-controlled 
plishout  tests  in  "layered"  glyben  with  O/B 
-  4-5-  In  the  load- 
controlled  test,  an  additional  load  was  added  to  the  anchor  only  after 
displacement  of  the  anchor  due  to  the  previous  load  had  ceased.  For 
values  of  load  below  about  one  half  of  the  loading  required  to  cause 
ultimate  failure,  the  displacement  of  the  anchor  ceased  shortly  after 
0  each  load  had  been  added,  and  points  A,  B  and  C  on  the  load-controlled 
test  curve  in  Fi.  I..  4.25  fall  very  near  the  displacement-controlled 
test  curve.  However,  as  the  total  load  on  the  anchor  approached  the 
',  maxirrfqm  value,  anchor  displacement  continued  over  a  long  period  of 
time  (the  anchor  was  still  displacing  slowly  twenty  four  hours  after  G) 
the  addition  of  the  penultimate  load)  and  this  creep  effect  is 
illustrated  by  the  displacements  at  D,  Ef  F  and  G  in  Pis.  4.25- 
D.  Relationship  between  the  Values  of 
I  Ultimate  Uplift  Resistance  and  the 
Depth  to_Breadth  Ratio  of  the  Anchor 
Fig.  4.27  showed  the  results  of  a  series  of  "layered"  Slyben  tests 
in  which  lk/vD  Y  D/S  was  plotted  for  C1Y3D  values  of  1.759  2.5 
and  3.7.  The  results  of  this  series  of  tests  plus  the  results  for  all 
i 
of  the  other  laboratory  model  tests  were  then  shown  in  Fil;  -  4.28.  This 
112 figure  illustrated  the  best-fitting  curves  of  F  D/B  for  "layered" 
and  "non-layered"  glyben  and  for  modified  Grangemouth  clay.  C) 
The  mechanism  of  general  failure  which  was  predicted  by  the 
finite  element  analysis  for  anchors  of  all  depths  was  discussed  in 
sections  6.3.  A  and  6.3.  C  and  was  shown  to  be  identical  to  the  mechanism 
of  failure  predicted  by  the  Shearing  Theory  (2.2.  A).  The  values  of 
D/ 
ultimate  uplift  resistance  for  the  finite  element  runs  with 
1.5o  3.2  and  5.25  were  thus  the  same  as  thom  predicted  by  the  Shearing 
Trheory.  Fig.  6.7  shows  a  comparison  between  the  D/B 
curve 
plotted  from  the  results  of  the  three  finite  element  runs  and  the 
.,  e  best-fitting  curves  from  the  laboratory  model  tests  shown  in  averag  Cý 
Fig.  4.28.  Fig.  6.7  demonstrates  clearly  the  difference  between  the 
values  of  ultimate  uplift  resistance  for  the  general  type  of  failure 
in  deep  anchors  predicted  by  the  finite  element  method  and  the  local 
type  of  failure  for  deep  anchors  shown  in  the  laboratory  model  tests. 
Each  of  the  curves  representing  the  laboratory  model  tests  in 
Fic:,  '.  4.28  can  be  divided  into  three  portions: 
(a)  shallow  anchor  tests:  D/EN  4-.  2-0  :  showed  an  approximately 
linear  relationship  between  FLA.  and  DA,  ;  f  ga 
(b)  dcýep  anchor  tests:  0  -showed  the  value  of 
to  be  practically  constant 
D  (c)  intermediate  depth  of  anchor  tests:  D/13  >  2-0  and  /B  4  510 
showed  a  non-linear  relationship  between  and  D/13 
(a)  Shallow  anchor  tPsts  (  D/B 
! ý:  2.211.  Fig.  4.29  illustrated  the 
curves  of  FL,  V  D/13  for  the  shallow  anchor  tests.  Tho,  approxi- 
mately  linear  relationship  between  the  ultimate  uplift  resistance 
factor  F,, 
and 
D/B 
accorded  with  the  mode  of  eeneral  failure 
fo=  shallow  anchors  proposed  by  the  author  in  section  6.3.  A.  It 
was  proposed  in  that  section  that  ultimate  failure  was  caused  by  a 
combination  of  shear  and  tension  failure  in  the  material  directly 
113 above,  and  in  the  vicinity  of,  the  edge  of  the  anchor  plate. 
Since  a  general  form  of  failure  was  predictedq  i.  e.  one  in  which 
a  failure  surface  extended  from  the  anchor  plate  to  the  surface, 
the  value  of  ultimate  uplift  resistance  predicted  shoUld  be 
approximately  proportional  to  anchor  depth. 
A  possible  explanation  of  the  relative  values  of  ultimate 
uplift  resistance  for  the  "layered"  and"non-layered"  glyben  waa  Q 
proposed  by  the  card  analogy  in  section  6.3-C.  Fig.  4.29 
illustrates  that  the  values  of  PLk  for  shallow  tests  with 
DX 
4  0.8  in  modified  Grangemouth  clay  were  similar  to  those  for  a 
"layered"  glyben  and  for  tests  in  the  D/13  range  1.0  to  1.8  the 
U  C.  ) 
values  were  slightly  E,  -,  reater  than  for  "non-layered"  glyben. 
(b)  Deen  anchor  tests  (1ý8  ýý  5.0).  'Fig.  4.28  sbo%,.,  s  that  the  values 
of  ultimate  uplift  resistance  for  the  deep  anchor  tests  in  "non- 
layered"  glyben  were  of  the  order  of  15114o  higher  than  tho  corres- 
ponding  values  in  "layered"  glyben.  The  card  analogy  proposed  in 
section  6-3.  C  demonstrated  that  the  "layercd"  samples  had  less 
-",,,.  structural  stiffness  than  the  "non-layered"  samples.  In  terms  of 
, 
local  failureq  this  difference 
-in 
structural  stiffness  and  the 
corresponding  amount  of  anchor  movement  to  failure  appears  to  have 
, 
'.,. 
_..,,, 
affected  the  value  of  ultimate  uplift  resistance,  although  to  a 
-,  -lesser  extent  than  in  the  shallow  anchor  general  failure  case, 
There  is  a  considerably  greater  scatter  amongst  the  results  of 
the  deep  anchor  tests  in  "layered"  glyben  than  in  the  "non-layered" 
.  ý,,,..  glyben,  which  possibly  reflects  the  variation  in,  thickness  of  the 
layers  of  glyben  and  the  bond  between  them. 
The  values  of  ultimate  uplift  resistance  for  the  deep  anchor 
tests  in  modified  Grangemouth  clay  which  are  shown  in  Fig-  4.28  were 
,  -,,  _,, 
significantly  higher  than  the  values  for  glybon  and  greater  even 
tlan  the  values  of  ultimate  uplift  resistance  in  glyben  with 
suction.  It  was  proposed  in  section  6.2  that  consolidation  and  a 
114 consequent  increase  in  the  strength  of  the  clay  in  the  vicinity 
of  the  anchor  plate  had  affected  the  results  of  these  tests. 
Thus,  when  values  of  ultimate  uplift  resistance  for  deep  anchors 
in  purely  cohesive  soils  are  required,  the  results  of  the  tests 
in  glyben  only  will  be  considered. 
(c),  Intermediate  depth  of  anchor  tests  (2  4  D/13  5)*  It  I'as 
proposed  in  section  6-3.  A  that  the  mechanism  of  ultimate  failure 
of  tests  in  which  the  depth  of  placement  of  the  anchor  was  in  the 
intermediate  range  was  a  combination  of  general  type  failure  and 
local  týirpe  failure.  This  proposal  was  supported  by  the  photo- 
graphic  evidence  in-Fig.  4.13.  Fig-  4.28  shows  that  the  values 
of  ultimate  uplift  resistance  of  tests  in  this  range-fell  on  a 
curved  portion  which  linked  the  portion  of  the  graph  which  varied 
I  ..  II--, 
' 
,  --linearly  with  D/B  for  shallow  anchor  tests  to  the  horizontal 
portion  of  the  graph  for  deep  anchor  tests. 
It  is  of  interest  to  note  the  similarity  of  shape  of  the  curves 
depicted  in  Pies.  4.18P  4.26  and  4.28.  For  shallow  anchors,  the  ratio 
of.  the  surface  displacement  to  anchor  displacement,  the  anchor 
displacement  ratio  to  901ýo  of  ultimate  uplift  resistance,  and  the  value 
of  ultimate  uplift  resistance  varied  approximately  linearly  with  D/B 
reflecting  the  mechanism  of  general  type  failure  which  occurred  in 
'thýsetests.  For  deep  anchor  tests,  these  values  we  I re  approximately 
constant,  reflecting  the  mechanism  of  local  type  failure.  The  values 
at  intermediate  depths  fell  on  curves  which'linked  the  shallow  and 
'd  eI  ep  anchor  linear  portions  of  the  plot,  and  rehected  the  combination 
of  general  and  local  type  failure. 
The  results  illustrated  in  Figs.  4.18,4.26  an&4.28  also*. 
confirmed  that,  for  tests  conducted  in  "layered"  glyben  without 
Suctiong  there  was  little  difference  between  the  results  of  (i)  pullout 
. 
displacement-controlled  testsq  (ii)  pushout  'ýoad-controlled  tests, 
115 (iii)  pushout  displacement-controlled  tests  in  which  the  anchor  was 
P-II 
initially  above  the  base  of  the  box,  and  (iv)  pushout  displacement- 
controlled  tests  in  which  the  anchor  was  initially  at  the  base  of  the 
box. 
The  values  of  ultimate  uplift  resistance  shown  in  Fig.  4.28  will 
.4  with  the  values  predicted  by  Vesic's  (1963 
ccmpared  in  section  6 
and  1965)  Shallow  and  Deep  Anchor  Theories  (2.2.  D  and  2.3.  B)  and  in 
ýsection  6.5  with  the  values  obtained  by  Ali  (1968),  Bhatnagar  (1969) 
and  Adams  and  Hayes  (1967)  in  their  model  anchor  tests. 
E.  Magnitude,  Direction  and  Distribution  of  Stresses 
throjighout  the  Uplift  Rpsistance  Sample 
-,,, 
In  this  section,  the  results  of  the  finite  element  analysis  only 
will  be  discussed  since  values  of  stresses  in  the  samples  were  not 
measured  in  the  model  uplift  resistance  tests. 
ýOrder  of  i)lastic  vieldinR  of  the  elements  in  the  shnllow  anchor 
run  no,  1.  D/B 
--1-5-  Fir,  -  5.3  (a)  illustrated  the  order  in  which 
the.,  clements  yielded  plastically  in  this  case.  Since  the  finite 
element  analysis  assumed  a  high  tensile  strengthmaterial  in  which 
cracking  did  not  occur  at  limiting  tensile  stress,  an  upper  limit  of 
ultimate  uplift  resistance  was  produced  by  the  analysis  and  the 
6 
mechanism  of  failure  was  that  predicted  by  the  Shearing  Theory  (2.2.  A), 
wiýh.  general  failure  occurring  in  the  material  on  a  cylindrical  slip 
failure  surface  above  the  edge  of  the  anchor  plateg  extending  to  the 
surface  of  the  sample.  The  elements  yielded  systematically  from  the 
"Critical"  element  at  the  edge  of  the  anchor  plate  to.  the  element 
at  the  soil  surface. 
-Qrde  vielding  of  the  elements  in  the  intermediate  r  of  -nlastic 
derth  of  anchor  run  no.,  2, 
--D/B 
=  3-2-  Fig.  5-3(b)  illustrated  the 
order  in  which  the  elements  yielded  plastically  in  this  case.  As  was 
eXDlained  in  chapter  5,  the  finite  element  program  could  not  predict 
local  failure  of  the  type  proposed  by  Vesic  (1963  and  1965)  or  Ileyerhof 
116 and  Adams  (1968)  but  continued  to  increase  the  loads  in  specified 
increments  and  to  re-distribute  the  resulting  excess  stresses  until  a 
general  type  of  failure  occurred.  Thus,  in  the  intermediate  and  deep 
anchor  cases,  an  upper  limit  of  ultimate  uplift  resistance  value  was 
produced  which  was  considerably  higher  than  the  value  of  ultimate 
uplift  resistance  which  would  have  resulted  from  a  local  type  of 
failure.  The  order  of  yielding  shown  in  Fig.  5-3(b)  reflects  therefore 
the'order  in  which  plastic  yielding  would  occur  under  conditions  of 
general  failure.  It  is  of  interest  to  note  that  the  elements  above 
the  "critical"  element  yielded  systematically,  as  in  run  no.  1,  up  to 
a  height  above  the  anchor  of  approximately  half  the  depth  of  the 
0 
anchor  At  that  stage  the  elements  above  the  anchor  plate  started 
to  Yield  plastically,  with  the  elements  above  the  edge  of  the  anchor 
plate  yielding  first.  The  elements  directly  above  the  anchor  plate  u 
were  late  to  yield,  and  in  fact  the  element  directly  above  the  centre 
portion  of  the  plate  did  not  yield  at  allq  due  to  the  small  values  Of 
shear  stress  in  that  region,  as  indicated  in  Pigs-  5.1.9  and  5.22. 
The  elements  to  the  outside  of  the  "critical  cylinder"  of  elements 
were  slow  to  yield  and  only  three  elements  in  that  region  yielded  before 
general  failure  occurred.  This  was  unlike  the  case  of  Vesic's  and 
Meyerhof  and  Adams's  Deep  Anchor  Theories,  in  which  local  plastic 
f 
failure  was  predicted  in  a  spherical-type  region  around  the  anchor 
plate. 
Order  of  plastic  yielding  of  the  elements  in  deep  anchor  mn  no. 
_j 
-with 
I=t. 
25.  Fig-  5-3(c)  illustrated  the  order  in  which  the  elem- 
ents  yielded  plastically  in  this  case.  As  was  noted  in  chapter  5t 
yielding  was  not  shown  up  to  ultimate  failure.  The  order  of  element  3 
yield  in  the  deep  test  was  similar  to  the  order  of  yield  in  the  inter- 
mediate  depth  of  test  except  that  yielding  above  the  "critical"  element 
occurred  only  up  to  a  distance  of 
D/3 
above  the  anchor  plate  before 
yielding  ,  of  the  elements  above  the  anchor  plate  began. 
117 11agnitude  and  direction  of  the  major  Prin  I ciral  stresses.  Figs. 
5-13P'  5.14  and  5.15  showed  the  magnitude  and  direction  of  the  major 
principal  stresses  which  were  obtained  from  runs  19  2  and  3  respect- 
ively.  The  shaded  areas  in  these  figures  denote  regions  where  the 
C3 
major  'principal  stress  w2s  tensile,  and  the  boundaries  of  these  tensile 
regions  are  marked  with'a  dotted  line. 
The  following  points  were  noted: 
(a)  The  directions  of  the  major  principal  stresses  in  the  elastic 
sta,  -,  es  of  the  analysis  shown  in  parts  (a)  of  Figs.  5.13,5-14 
and  5-15  were  similar  to  the  directions  of  the  major  principal 
stresses  in  the  corresponding  parts  (b)  of  the  figures,  in  which 
the  directions  of  the  stresses  were  shown  when  the  material  was  at 
or  near  to  ultimate  uplift  resistance.  However,  as  stated 
previously,  the  magnitudes  and  directions  of  the  major  principal 
stresses  shown  in  parts  (b)  of  Figs-  5-13t  5.14  and  5-15  re- 
presented  the  stresses  corresponding  to  a  general  type  of  failure* 
If  the  finite  element  analysis  had  been  capable  of  predicting  a 
local  type  of  failure,  it  is  considered  by  the  author  that  the 
ma.  0-nitudesand  directions  of  the  major  principal  stresses  at  or  near 
to  ultimate  uplift  resistance  would  have  been  substantially 
different  from  those  shown  in  parts  (b)  of  Piss.  5.13P  5.14  and 
5.15. 
(b)  The  direction  of  the  major  principal  stresses  in  the  elements 
directly  above  the  anchor  plate  in  parts  (a)  and  (b)  of  Figs. 
5.13,5.14  and  5.15  was  approximately  vertical,  reflecting  the 
direction  of  the  displacement  of  the  anchor.  The  direction  of  the 
major  principal  stresses  in  the  elements  below  the  anchor  plate 
was  generally  horizontal,  except  for  those  elements  immediately 
below  the  anchor.  Sin  ce  the  larg  est  tensile  stresses  in  the 
elements  were  dofined  as  being,  orthogonal  to  the  direction  of  the 
major  principal  stress,  the  direction  of  the  largest  tensile  stresses 
118 below  the  anchor  were  approximately  vertical  and  therefore  also 
reflected  the  direction  of  the  displacement  of  the  anchor. 
(c),,.,  In  parts  (a)  and  (b)  of  Figs.  5.13,5.14  and  5.15t  the  magnitude 
of  the  major  principal  stresses  decreased  rapidly  with  increasing 
,,,  -,,,.  _distance 
from  the  anchor  plate. 
(d)  In  parts  (a)  and  (b)  of  Figs.  5;  13,5.14  and  5.15,  the  overall 
.,.,  -pat'.  ern  of  the  major  principal  stresses  resembled  a  vortex  with 
the  ed[,  e  of  the  anchor  plate  as  its  centre.  The  vortex  represen- 
.,,,,  ted  the  material  above  the  anchor  being  pushed  upwards  and  outwards 
from  the  opchor  and  the  material  below  the  anchor  being  pulled 
upwards  and  inwards  towards  the  anchor,  bearing  in  mind  that  'the 
,  t,  ',,  directions  of  the  largest  tensile  stresses  in  the  shaded  regions 
were  orthogonal  to  the  directions  of  the  major  principal  stresses 
-,  illustrated. 
(eY,  The  directions  of  the  major  principal  stresses  in  those  elements 
which  had  yielded  plastically  above  the  "critical"  elements  in 
0 
'ýrI4-  to  the  5.139  5.14  and  5.15  wcre  at  an  angle  of 
yertical.  Since  the  direction  of  the  maximum  shear  stress  in  any 
element  is  at  714-  to  the  direction  of  the  major  and  nunor 
principal  stresses  in  the  element,  the  maximum  shear  stresses  in 
these  elements  were  in  the  vertical  and  horizontal  directions.  As 
was  discussed  previously,  general  ultimate  failure  was  predicted 
by  the  finite  element  analysis  on  a,  cylinder  above  the  edge  of  the 
anchor  plate.  Thus  the  direction  of  the  maximum  shear  stress  in 
these  elements  was  parallel  to  the  direction  of  the  displncoment 
of  this  cylinder. 
Magnitude  and  distribution  of  radial  and  vertical  normal  stressos 
and  shear  stresses.  The  magnitude  and  distribution  of  stresses  in  the 
form,  of  stress  fields  were  presented  in  Figs.  5.17  to  5.22.  Ilie  shaded 
areas  in  these  figures  denote  regions  of  tensile  stress,  the  boundaries 
oflu,  hich  are  marked  by  a  dotted  line. 
lig , 
It  should  be  noted  that  in  Fi,  -:,  's.  5.17  to  5.22,  the  values  of  the 
stress  contours  were  given  in  terms  of  the  value  of  the  stress  at  the 
centre  of  the  "critical"  element  when  it  was  on  the  point  of  yielding. 
As  was  discussed  in  section  5.4  and  Appendix  E,  the  values  of  the 
normal  stresses  at  the  centre  of  the  "critical"  element  were  probably 
appreciably  lower  than  the  maximum  values  of  normal  stress  which 
occurred  at  the  edges  of  the  "critical"  element.  Therefore  the  values 
of  vertical  normal  stress  shown  for  the  centre  of  the  "critical" 
element  in  Pigs-  5.17  and  5.20  and  the  values  of  radial  normal  stress 
shown  for  the  centre  of  the  "critical"  element  in  Fies,  5.18  and  5.21 
were  probably  appreciably  lower  than  the  maximum  values  of  these 
stresses  which  occurred  at  the  edges  of  the  element.  It  should  be 
I 
noted  also  that  the  magnitude  and  distribution  of  the  stresses  in 
parts  (b)  of  the  figures  represented  those  for  a  general  form  of 
failure  andq  in  the  intermediate  depth  and  deep  anchor  casesq  gave 
considerably  greater  values  of  stress  than  would  occur  due  to  local 
failure. 
D  (a)  Vertical  normal  stress  in  the  shallow  anchor  run  no.  1,  /B 
-  I'S 
ýFig.  5.17).  The  size  of  the  shaded  tensile  region  shown  in  this 
fi 
. 
gure  was  considerable,  extending  in  the  elastic  case  (Fig-  5,17(a)) 
upwards  and  outwards  at  an  angle  of  approximately  'tr/4.  to  the 
horizontal  from  the  edge  of  the  anchor  plate,  and  at  a  steeper 
angle  in  the  case  of  ultimate  failure  The  magni-  5.17(b)). 
tude  of  the  stresses  decreased  rapidly  with  increasing  distance 
from  the  anchor  plate  in  both  parts  (a)  and  (b)  of-the  figureg 
the  values  of  compressive  stress  at  a  distance-of  B  and  313/2 
above  the  anchor  plate  being  approximately  one  half  and  one 
quarter  respectively  of  the  values  of  the.  compressive  stress  at  a 
distance  of  R/ 
72.  above  the  plate.  The  patterns  of  stresses  in 
both  the  elastic  and  ultimate  failure  cases  were  similar  except 
that,  in  the  latter,  a  significant  concentration  of  stresses 
120 existed  in  the  elements  above  the  "critical"  element. 
Radial  normal  stress  in  the  shallow  anchor  run  no.  1, 
(Fig.  5.18).  The  patterns  of  stress  distribution  in  this  case 
were  relatively  similar  to  those  in  the  vertical  normal  stress 
case  discussed  above,  except  that  the  line  between  the  compressive 
and  the  tensile  stresses  uas  at  a  considerably  less  steep  angle 
to  the  horizontal.  In  addition  there  existed  a  tensile  region 
which  occurred  at  and  near  the  surface  of  the  sample  above  the 
centre  of  the  anchor  plate.  Directly  below  the  edge  of  the  anchor 
plate,  an  area  of  much  reduced  tensile  stress  is  shown  in  both 
5.18  (a)  and  (b).  A  corresponding  region  of  low  compressive  0 
stress  does  not  occur  above  the  anchor  plate. 
(c)  Shear  stresses  on  the  z-r  and  r-z  planes  in  the  -shallow  nnchor 
ý11  -- 
run 
_no. 
1,  D/B 
=  1.5  (Fig.  5.19).  The  pattern  of  shear  stress 
., 
distribution  shown  in  Fig.  5.19  was  quite  different  from  the 
-pattern  of  distribution  for  the  normal  stresses  illustrated  in 
Figs-  5-17  and  5-18-  Figs.  5.5  and  5.6  illustrated  the  deformed 
shapes  of  the  elements  which  are  shown  in  stages  (a)  and  (b)  res-  0 
pectively  of  Fig-  5.19.  Comparison  of  the  shapes  of  the  deformed 
ý  ..  'elements  in  Figs-  5-5  and  5.6  with  the  shapes  of  the  elements 
, 
'.,  which  depict  compressive  (positive)  and  tensile  (negative)  shear 
values,  illustrated  in  Pig.  E-3  of  Appendix  Ej  can  account  for  the 
;  -pattern  of  distribution  of  shear  stresses  in  Fig-  5-19-  7he 
-edge  of  the  anchor  vertical  contour  of  1.0  wbich  extended  from  the 
plate  to  the  sample  surface  in'Fig.  5-19  (b)  represents  the  geneyal 
-Slip 
failure  surface  at'ultimate  uplift  resistance., 
(d),  -,  Vertical  normal  stress  in  the  deep  anchor  run  no.  3,  P/S  5.25. 
(Fip,.  5.20).  The  distribution  of  vertical  normal  stress  in  the 
deep  anchor  case  was  similar  to  that  in  the  shallow  anchor  case, 
However,  the  high  compressive  stresses  which  existed  directly  above 
-the  centre  of  the  anchor  plate  were  completely  dissipated  before 
121 they  reached  the  surface  of  the  sample  in  the  deep  anchor  case 
,,  which  resulted  in  a  small  area  of  tensile  stress  at  and  near  to 
this  surface. 
11  1).  (e) 
'Radial 
normal  strprs  in  the  deep  anchor  run  no.  5.25. 
The  distribution  of  radial  normal  stress  was 
similar  to  that  shown  in  the  shallow  anchor  case  except  that  the 
area  of  tensile  stress  above  the  centre  of  the  anchor  plate  ex- 
tended  from  the  surface  to  within  a  height  D/4.  above  the 
anchor  plate. 
-1('f)"'Shear 
'stresses 
on  the  7--r  and  v-  -z  planes  in-the  dpep  anchor 
run  no.  3,5'.  25.  (Fig.  5.22).  The  pattern  of  stresses 
shown  in  Fig.  5.22  was  similar  to  the  pattern  shown  for  the 
shallow  anchor  case. 
6.4-  Comparison  of  Model  T,  -st  Results  obtai  nod  ty  the  Aiitl)c)r  with  the 
Predictions  of  Vesicts  (  1963  and  1965)  Shallow_(  2.2.  D)  and  Deep  (2-3.13) 
Anchor  'IMeories 
In  chapter  2  Vesic's  Shallow  and  Deep  Anchor  Theories  were  outlined 
and  discussed.  An  attempt  has  been  made  by  the  author  to  quantify 
the  predictions  of  Vesic's  theories  in  terms  of  the  ultimate  uplift 
resistance  factor  Ft,.  and  the  depth  to  breadth  ratio  of  the  anchor 
Pig.  6.8  shows  a  comparison  between  the  best-fitting  curves  of 
D/13 
obtained  by  the  author  from  his  model  uplift  resist- 
ance  tests,  as  illustrated  in  Figg.  4.28  and  Vesic's  Shallow  and  Deep 
Anchor  Theories.  For  a  purely  cohesive  soilp  Vesic's  Shallow  Anchor 
T  but  the  value  of  Fv.  1heory  defined  a  unique  curve  of  'YB 
.  I.  -- 
predicted  by  his  Deep  Anchor  Theory  was  a  function  of  the  rigidity 
index  and  the  volume  chan-e  factor  hL  of  the  soil.  The  values  r  C.  ). 
Of  corresponding  to  500  and  0.0,  which  represented 
an  incompressible  clay  with  very  low  strain  to  yield,  and  T-r  20 
and  A=0.02,  wlAch  represented  a  compressible  clay  with  very  high 
strain  to  yield,  have  been  calculated  by  the  author  for  comparative 
122 purposes  and  are  shown  in  Fig.  6.8.  Fig.  6.9  shows  these  curves  for 
%  in  the  shallow  anebor  range. 
A.  Shallow  Ancbor  RanEe 
Table  6.2  summarises  the  differences  indicated  in  Fig.  6.9  between 
the  values  of  ultimate  uplift  resistance  predicted  by  Vesic's  SI-allow 
Anchor  Theory  and  the  values  obtained  by  model  tests  in  glyben  and 
modified  Grangemouth  clay.  These  differences  reflect  the  extent  to 
xýhich  the  failure  mechanism  proposed  by  the  author  and  discussed  in 
section  6-3.  A  reduced  the  actual-value  of  ultimate  uplift  resistance 
fo.  r, 
_the 
material  from  the  theoretical  upper  limit  proposed  by  Vesic's 
theory. 
B.  Deep  Anchor  Range 
Fig.  6.8  indicates  that  the  F,,  values  for  "non-layered"  glyben 
and*"layered"  glyben  in  the  deep  anchor  range  were  approximately  7.4 
and  6.6  respectively.  The  FL,.  value  predicted  by  Vesic's  theory 
for  the  non-compressible  clay  with  low  strain  to  yield  (  Ir  -  500y  A 
=  0)  was  higher  than  the  values  for  both  types  of  glyben  but  the  ýLk 
value  predicted  by  Vesic's  theory  for  the  compressible  clay  with  high 
strain  to  yield  ( 
-Tr  ,  20,  A-0.02)  was  lower  than  the  glyben 
.:,  vialues.  The  values  of  Digidity  ipjex  (for  aA  value  of  0.0)  which  0- 
.  corresponded  to  tlýe  values  shown  in  Fig.  6.8  of  "non-layered" 
. 
and  "layered"  Clyben  were  calculated  by  the  author  from  Vesic's  deep 
, 
anchor  theory  to  be  1: 
r 
90  and  'r  -  50  respectively.  The  average 
.  values  of  rigidity  index  calculated  from  the  glyben  batch  no.,  3  sample 
--stress-strain  curve  shown  in  Fia,  5.2  werc  7,30  and  83  corres- 
-D  , 
430  kjj/M2  and  ponding  to  values  of  elastic  moduli  E  of  100  kjT1m2 
_1200 
kjT/m2  respectively,  assuming  a  value  of  shear  strength  cC  9  kjT/M2 
and  a  value  of  Poisson's  ratio  of  0-5.  It  can  be  conpluded  therefore 
the  values  of  ultimate  uplift  resistance  which  were  predicted  by 
, 
Vesic's  Deep  Anchor  Theory  corresponded  arproximately  to  the  values 
123 i 
which  were  measured  from  the  laboratory  model  tests  in  glyben. 
-  As  discussed  in  section  6.2,  the  values  of  ultimate  uplift  resis- 
tance  from  deep  anchor  tests  in  modified  Grangemouth  clay  appeared 
to  be  affected  by  consolidation  of  the  clay  in  the  vicinity  of  the 
anchor  plate.  Fig.  6.8  shows  that  the  maximum  value  of  ultimate  uplift 
resistance  for  modified  Grangemouth  clay  was  greater  than  the  value 
predicted  by  Vesic  for  non-compressible  clays  with  a  very  low  strain 
to  yield  500,  A-0.0). 
Coml:  )ari  son  of  Model  Test  Rpsults  obtained  by  the  Author  with  Model 
Test  Results  obtained  by  Previous  Authors 
Fig.  6.10  shows  a  comparison  between  the  curves  of  F,,  Y  DI- 
obtained  by  the  author  from  his  model  uplift  resistance  testsq  as 
ý  11  11ý  . 
illustrated  in  Pig)-  4.28,  and  curves  obtained  by  previous  authors 
from  their  model  uplift  resistance  tests,  as  illustrated  in  Pig.  2.15. 
Fig.  6.11  shows  these  curves  for  D/B  ratios  in  the  shallow  anchor 
ý  1,  t 
range.  Values  predicted  by  Vesic's  Shallow  and  ]Deep  Anchor  Theories 
are  also  included  in  Pigs.  6.10  and  6.11. 
0 
A.  Shallow  Anchor  Range 
For  D/B 
values  of  less  than  1.0,  Fig.  6.11  indicates  that  the 
values  obtained  by  Ali  (1968)  for  tests  in  bentonite  and  water  were 
of,  the  order  of  7CF/&ýý;  greater  than  those  predicted  by  Vesic  from  his 
Shallow  Anchor  Theory,  whereas  the  values  obtained  by  Bliatnagar  (1969) 
from  tests  on  the  same  apparatus  using  a  stiff  silty.  clay  were  less 
a 
than  5T  loof  those  predicted  by  Vesic  for  /8  values  in  this  range. 
Yesic  (1969)  could  offer  no  explanation  for  these  large  differences. 
No  indication  of  the  tensile  strength  of  bentonite  and  uater  was 
given  by  Ali  but  a  section  through  the  centre  of  the  anchor  plate  at 
ultimate  uplift  resistance  in  one  of  his  shallow  anchor  tests  showed 
that  no  cracking  had  taken  place  in  the  material.  However,  this  section 
was  the  result  of  the  sample  being  cut  open  after  the  test  by  a  wire 
124 S  aw.,  qnd,  if  any  cracking  pattern  had  been  present  in  the  materia.  19 
It  could  well  have  been  obscured  by  the  smearing  effect  of  the  wire 
sawo  Stress-strain  curves  obtained  by  Ali  illustrated  that  the 
material  had  a  very  low  strain  to  failure  of  approximately  Y/-.  Even 
if  it  were  assumed  that  the  benionite  and  water  was  a  non-cracking 
material  with  high  tensile  strength,  it  is  difficult  to  envisage  a 
mechanism  of  failure  in  which  the  value  of  ultimate  uplift  resistance 
iý  I- 
, yould  exceed  that  predicted  by  Vesic's  theory.  However,  it  was  noted 
I- 
_I. 
by,..  the  author  that  the  values  of  shear  strength  used  by  Ali  to  calculate 
j, lthe  values  of  ultimate  uplift  resistance  in  his  tests  were  obtained 
by  unconfined  triaxial  compression  strength  tests.  Values  of  shear 
I,  strength  for  a  similar  bentonite  and  uater  mix  obtained  by  Barksdale 
(1963)  by  laboratory  vane  tests  were  approximately  6Cý:  hirher  than 
thos'e,  c,  ýtained  by  triaxial  tests  on  the  same  material.  If  the  values 
ýI 
of  shear  strength  obtained  by  the  vang  tests  had  been  used  to  cal- 
culate  values  of  ultimate  uplift  resistance  in  Ali's  testeg  the 
resulting,  values  would  have  agreed  well  with  those  predicted  by  Vesic's 
1" 
theory. 
No  information  about  the  tensile  strengtho  layeringg  or  cracking 
patterns  of  the  stiff  silty  clay  was  given  by  Bhatna.  "arv  although  it 
was,  irdicated  that  the  material  was-coinpacted  in  the  test  box  in  four- 
inch  layers  by  hand  with  steel  tampers.  Curves  of  uplift  resistance 
versus  anchor  displacement  given  in  Bhatna-ar's  thesis  were  similar  to 
those,  obtained  by  the  author  for  "layered"  glyben  and  modified  Grange- 
mouthelay.  The  low  values  of  ultimate  uplift  resistance  shown  in 
Fig.  6.11  for  the  stiff  silty  clay  suggested  that  the  mechanism  of 
failure  in  the  shallow  tests  was  similar  to  that  described  for  "layered" 
-ýI 
, glyben.  in  sections  6-3-A  and  6-3-C,  with  failure  clue  to  continuous  ex- 
tension  occurring  at  a  low  value  of  ultimate  uplift  resistance. 
The  valucs  of  ultimate  uplift  resistance  in  the  shallow  anchor 
ran'Lge  obtained  by  AdaTas  and  Hayes  (1967)  from  tests  in  brick  clay  were 
125 generally  similar  to  those  obtained  by  the  author.  No  infornation 
was  r 
., 
iven  by  Adams  and  Hayes  about  the  elastic  modulus,  tensile 
g3trength  or  cracking  patterns  of  the  brick  clay  and  thus  no  conclusions  C3 
couldýbe  drawn  by  the  author  about  the  mechanism  of  ultimate  failure. 
B.  Deep  Anchor  Range 
Fig.  6.10  shows  that  the  transition  frcm  the  approximately  linear 
]portion  of  the  shallow  anchor  curve  to  the  horizontal  portion  of  the 
7 
deep  anchor  curve  in  Ali's  tests  on  bentonite  and  vater  took  place 
over  'a  very  small  range  of  D/, 
B  values,  and  that  deep  anchor  failure 
_J 
oCcUrred  at 
11/3 
values  of  greater  than  2.5,  indicating  that  bentonite 
and  water  behaved  in  a  somcwhat  similar  manner  to  the  ideal  material 
apsumed  in  Vesic's  theory.  However,  it  must  be  pointed  out  that 
bentonite  and  water,  due  to  its  thixotropic  properties,  resembles 
I 
some  sensitive  clays  in  behaviourl  but  is  generally  qiiite  different 
Ia 
from,  the  type  of  remoulded  clays  which  would  be  used  as  compacted  fill 
I 
above  a  high-mast  type  of  anchor  footing.  The  average  value  of 
. ri(gidity  index  for  bentonite  and  water,  based  on  W  the  stress-strain 
curves  in  Ali's  paper,  (ii)  an  assumed  value  of  Poisson's  Ratio  of  0-5P 
and  (iii)  an  assumed  value  of  of  0.0,  was  approximately  55.  This 
s  slightly  greater  than  the  value  of  rigidity  index  predicted  by 
Vesic  s  theory  for  a  material  with  0.0  and  with  the  F, 
! 1ý 
-  value  of  bentonite  and  water  obtained  by  Ali  adjusted  to  the  FV. 
value  corresponding  to  the  laboratory  vane  shear  strength  of  the  Cý  CJ 
material, 
As  shown  in  Fig.  6.10,  the  values  of  ultimate  uplift  resistance 
obtained  from  Bhatna-ar's  deep  anchor  tests  on  stiff  silty  clay  were 
slightly  greater,  at  D/B  ratios  of  greater  than  7-Ot  than  those 
I 
obtained  by  the  author  from  tests  in  modified  Grangemouth  clay.  It  is 
suCa:,,  O,  csted  by  the  author  that,  as  in  modified  GranFemouth  clay,  con- 
solidation  of  the  stiff  silty  clay  used  by  Bhatnaoar-  under  high 
126 pressure  in  the  deep  tests  caused  an  increase  in  the  value  of  the 
strength  of  the  clay  in  the  vicinity  of  the  anchor  with  a  consequent 
,-i  increase  in  the  value  of  ultimate  uplift  resistance.  The  silt 
icontept  of  the  clay  employed  by  Bhatnagar  was  appreciably  greater 
than  that  of  the  modified  Grang 
,  emouth  clay. 
Insufficient  information  about  the  properties  of  brick  clay 
was  supplied  by  Adams  and  Hayes  to  enable  an  average  value  of  rigidity 
index  for  the  material  to  be  calculated,  and  thus  the  values  of  , 
of  brick:  clay  in  the  deep  tests  could  not  be  compared  with  the  results 
obtained  by  the  author  or  with  the  results  predicted  by  Vesic's  theory. 
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CONCLUSIONS 
Vith  reference  to  existing  theories,  aT,  plied  to  purely  cohesive 
soils,  the  foliol-ring  conclusions  were  reached: 
The  values  of  ultimate  uplift  resistance  corresponding  to  the  Shearing 
Theory  (2.2.  A),  Ilariupoltskiils(1965)  Shallow  Anchor  Theory  (2.2.  C) 
and  Meyerhof  and  Adams's  (1968)  Shallow  Anchor  Theory  (2.2.  P)  are 
identical. 
2.  The  values  of  ultimate  uplift  resistance  obtained  from  the  shallow 
ýanchor 
theories  of  Matsuo  (1967,2.2.  E)  and  Vesic  (1963  and  1965, 
2.2.  D)  agree  substantially  with  those  obtained  from  the  theories  in 
I  number  1  above  in  the  range  0  -, 
D/B  <  2-5- 
None  of  the  above  theories  takes  into  account  the  tensile  strength  or 
the  elastic  properties  of  the  soil.  Only  Matsuo  considers  tensile 
cracking  in  the  soil. 
Each  of  the  above  theories  predicts  a  Ceneral  form  of  shear  failure 
'which  occurs  over  a  slip  failure  surface.  The  solutions  obtained  from 
these  theories  will  be  an  upper  bound  to  the  value  of  ultimate  uplift 
resistance. 
5.  The  deep  anchor  theory  of  Vesic  (1963  and  1965,2-3.  B)  takes  into 
account  the  elastic  properties  of  the  soil  and  predicts  a  local  form 
of  failure  which  is  independent  of  the  depth  of  the  anchor.  The  deep 
anchor  theory  of  Meyerhof  and  Adams*(1968,2-3-C)  also  predicts  a 
local  form  of  failure  which  is  independent  of  the  depth  of  the  anohor. 
The  values  of  ultirmte  uplift  resistance  predicted  by  theso  two  theories 
are  in  approximate  agreement. 
With  refeyence  to  the  dimensional  analysis  of  the  uPlift  resistance 
problem,  the  following  conclusions  were  reached: 
1.  The  value  of  the  uplift  resistance  of  a  purely  cohesive  soil-is  depen- 2. 
3. 
dent  primarily  upon  the  elastic  properties  of  the  soil,  the  shear 
stren"th  of  the  soilq  the  tensile  strength  of  the  soilt  the  unit 
weight  of  the  soil,  the  plestic  volumetric  strain  of  the  soil,  the 
adhesion  between  the  soil  ond  the  anchor  platep  the  depth  of  place- 
ment  and  the  diampter  of  the  anchor  plate  and  the  diameter  of  the  box 
(if  any)  in  which  the  uplift  resistance  test  is  performed. 
The  contribution  of  soil  weight  to  the  to-tal  value  of  ultimate  uplift 
resistance  is  highq  according  to  Vesic's  theories,  in  prototype  uplift 
resistance  situations'in  which: 
(a)  a  large  diameter  shallow  anchor  is  employed  in  soft,  purely 
cohesive  soils; 
a  very  deep  anchor  is  employed  in  soft,  purely  cohesive  soil. 
If  the  prototype  anchor  described  in  2(a)  above  is  modelled  using  0 
the  prototype  soil  without  a  centrifuge  and  if  the  prototype  -ultimate 
uplift  resistance  pressure  is  assumed  to  be  the  value  measured  in  the 
modelv  an  underestimation  of  the  prototype  ultimate  uplift  resistance 
pressure  of  as  much  as  50,  rf,  can  occur,  according  to  iresic's  Shallow 
Anchor  Theory.  If  the  prototype  anchor  described  in  2(b)  above  is 
modelled  using  the  prototype  soil  without  a  centrifuge  and  the  same 
assumptions  are  made  about  the  ultimate  uplift  resistance  pressure  as 
for  anchor  (a),  then  an  underestimation  of  the  prototype  ultimate  up- 
lift  resistance  pressure  of  over  100/1'(,  '  can  occur,  according  to  Vesic's 
Deep  Anchor  Theory. 
4j  Vithout  the  use  of  a  centrifugeg  it  is  impossible  to  construct  uplift 
resistance  models,  at  normal  model  scalesp  which  possess  dimensional 
SiPularity  to  the  prototype  for  the  categories  of  prototype  anchor 
'in  which: 
(a)  the  CA3  value  of  the  shallow  anchor  is  less  than  the 
order  of  0.7; 
(b)  the  %3j) 
value  of  the  deep  anchor  is  less  than  the  order 
of  0.28. 
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With  reference  to  the  laboratory  model  uplift  resistance  tests 
C'Onducted  in  tentonite  and  glycerine  (glyben)  and  modified  Grangemouth 
u 
clay  (clay  from  the  Grangemouth  area  mixed  with  Fayles  Blue  clay),  the 
CD 
followino  conclusions  were  reached:  a 
1.  An  apparatus  has  been  designed  and  constructed  in  which  pullout  and 
-  pushout  model  uplift  resistance  tests  can  be  performed  with  load- 
controlled  or  displacement-con  trolled  loading.  The  surface  displace- 
ments  of  the  samplesq  the  anchor  displacementsq  and  the  anchor  loading 
can  be  measured  electronically  at  any  stage  of  the  test.  Coloured 
strips  can  be  inserted  into.  the  sample  during  preparation  and  the 
C) 
sample  can  be  split  open  after  the  completion  of  the  test. 
2.  No  significant  difference  exists  between  the  results  of  pullout  and 
pushout  tests  in  glyben.  The  results  of  the  load-controlled  tests  in 
glyben  are  similar  to  the  results  of  equivalent  displacement-controlled 
tests  up  to  approximately  one  half  of  the  value  of  ultimate  uplift 
resistance.  Beyond  this  valueg  the  effects  of  creep  become  apparent 
in  the  load-controlled  tests. 
The  initial  height  of  the  anchor  plate  above  the  base  of  the  box  has 
no  significant  effect  on  the  results  of  the  tests. 
0 
In  tests  in  which  the  suction  effect  beneath  the  anchor  in  not 
elininated,  a  higher  value  of  ultimate  uplift  resistance  is  obtained 
and  the  mechanism  of  ultimate  failure  is  different. 
The  resiplts  of  th  e  tests  indicate  three  distinct  categories  of  anchor 
depth  to  breadth  (  D/B  )  ratios: 
(a)  shallow  anchor  tests  with  0A  D/13  !ý2; 
(b)  intermediate  depth  of  anchor  tests  with  24  D%  '-  5;  and 
(c)  deep  anchor  tests  with  D/B  ý'  5i, 
For  sl7allow  anchor  tests: 
(a)  the.  ancho:  ý  displacement  ratio  to  ninety  percent  of  ultimate 
uplift  resistance,  the  value  of  ultimate  uplift  resintance,  and 
the  ratio  of  sample  surface  displacement  to  anchor  displacement  aro 
130 0  linearly  related  to  the  depth  to  breadth  ratio  of  the  anchor,  duo 
to  the  mechanism  of  general  failure  which  occurs  in  the  material; 
(b)  the  diameter  of  the  bul,  -,,,  e  which  forms  on  the  -surface  of  the  sample 
due  to  anchor  displacement  is  of  the  order  of  1.75(for  ')/iB  - 
0-5)  to  2.5  (for  ')/, 
B  =  4-0)  times  the  diameter  of  the  anchor 
I  plate; 
(c)  a  mode  of  ultimate  failure  is  proposed  which  comprises  a  combin- 
ation  of  yielding  above  the  anchor  and  in  its  vicinity  due  to 
excess  shear  and  tensile  stresses  in  the  material,  and  tensile 
i 
cracking  of  the  material; 
(d)  the  amount  of  anchor  displacement  to  ultimate  uplift  resistance 
is  a  function  of  the  elastic  properties  of  the  soil  and  the 
bondinf,,,,  between  the  compacted  layers  of  the  soill  as  well  as  a 
function  of  the  depth  to  breadth  ratio  of  the  anchor; 
the  values  of  ultimate  uplift  resistance  of  the  slyben  and  the 
modified  Grangemouth  clay  are  between  51  and  67  percent  of  tho 
C.  ý 
values  predicted  by  Vesic's  (1963  and  1965)  Shallow  Anchor 
Theoryt  due  to  the  difference  between  the  mechanism  of  failuro 
predicted  by  Vesic  and  the  mechanism  of  failure  ihich  occurred  in 
ýthe  model  tests; 
the  values  of  ultimate  uplift  resistance  of  the  glyben  and  the 
modified  Grangemouth  clay  are  in  good  agreement  with  the  results 
obtained  by  Adams  and  Hayes  (1967)  from  model  tests  in  brick  clay,, 
but  are  hirther  than  those  obtained  by  Ehatnagar  (1969)  from  1ý 
model  tests  in  stiff  silty  clay  and  considerably  lower  than 
those  obtained  by  Ali  (1968)  from  model  tests  in  bentonite  and 
water. 
For  the  deep  anchor  tests: 
(a)  the  anchor  displacement  ratio  to  ninety  percent  of  ultimate 
uplift  resistance  and  the  value  of  ultimate  uplift  resictance  are 
approximately  constant,  due  to  the  mechanism  of  local  failure 
131 which  occurs  in  the  material; 
(b)  the  ratio  of  sample  surface  displacement  to  anchor  displacement 
tends  to  zero  with  increasing  anchor  depth; 
(c)  the  amount  of  anchor  displacement  to  ultimate  uplift  resistance 
is  a  function  of  the  elastic  properties  of  the  soil  and'  the 
-  between  the  compacted  layers  of  the  soil;  bondin.  n. 
(d)  the  values  of  ultimate  uplift  resistance  of  the  soil  predicted 
by  Vesic  Is  (1963  and  1965)  Deep  Anchor  'Theory  are  in  reasonable 
agreement  with  the  results  obtained  from  the  deep  anckor  model 
tests  in  glyben. 
(e)  the  values  of  ultimate  uplift  resistance  of  modified  GranCemouth 
clay  are  higher  than  the  values  which  were  cbtained  for  elyben 
and  higher  than  the  values  predicted  by  Vesic's  Deep  Anchor 
Lheory.  It  is  proposed  that  some  dissipation  of  the  porewater  T 
in  the  clay  occurred  during  the  tests  in  modified  Grangemouth  clay 
and  that  the  resulting  consolidation  and  consequent  increaso  in 
r) 
the  stron-th  of  the  clay  in  the  vicinity  of  the  anchor  increased 
0 
the  value  of  ultimate  uplift  resistance.  The  values  of  ultimate 
uplift  resistance  for  modified  Grangemouth  clay  are  in  good 
agreement  with  the  values  obtained  by  Bhatnagar  (1969)  from  deep 
anchor  model  tests  in'stiff  silty  clay  and  it  is  proposed  that 
sone  consolidation  of  the  clay  in  the  vicinity  of  the  anchor 
plate  also  occurred  in  Bhatnaear's  tests. 
S.  For  tests  at  an  intermediate  deptht  the  anchor  displacement  ratio 
to  ninety  percent  of  ultimate  uplift  resistance,  the  Value  of  ultimnte 
uplift  resistance,  and  the  ratio  of  sample  surface  displacement  to 
anchor  displacement  vary  in  a  non-linear  manner  with  the  depth  to 
breadth  ratio  of  the  anchor.  The  mechanism  of  ultimate  failure  in 
tests  at  an  intermediate  depth  is  a  combination  of  the  general  failure 
mechanism  proposed  for  shallow  anchor  tests  and  the  local  failure 
mechanism  which  was  found  in  deep  anchor  tests. 
132 -symmetric,  iterativel  elastic-plastic  With  reference  to  the  axi 
finite  element  analysis  of  the  rigid-anchor  uplift  resistance  problemp 
the  following  conclusions  were  reached: 
The  accuracy  of  the  results  of  the  finite  element  analysis  are 
limited  primarily  by: 
(a)  the  assumption  of  small  element  strains  inherent  in  the  derivation 
of  element  stiffnesses; 
(b)  the  assumption  of  the  original  mesh  geometry  at  each  successive 
load  increment; 
(c)  the  assumption  of  a  linear  elastic,  non-strain  hardening  plastic 
material  stress-strain  curve; 
(d)  the  assumption  of  a  "non-cracking"  material  with  equal  values  of 
tensile  and  compressive  strengths. 
Within  the  limitations  of  the  assumptions  stated  in  number  1  above, 
the  finite  element  analysis  can  determine: 
(a)  the  order  in  which  the  elements  in  the  mesh  yield  plastically 
up  to  general  failure; 
(b)  a  relationship  between  the  uplift  resistance  and  anchor  displace- 
ment  up  to  general  failure  of  materials  whose  values  of  elastic 
modulus  are  high  (giving  cori-esponding2y  low  values  of  element 
strain); 
(c)  the  radial  and  vertical  nodal  displacements  corresponding  to  any 
value  of  an6hor  displacement  at  small  element  strains  up  to 
general  failure; 
(d)  the  magnitude  and  direction  of  the  principal  atresses  and  maximum  U 
shear  stress  in  each  element  corresponding  to  any  value  of  anchor 
displacement  at  small  element  strains  up  to  general  failure; 
(e)  the  magnitude  and  distribution  of  the  vertical  and  radial  normal 
stresses  and  the  shear  stresses  throughout  the  mesh  corresponding 
to  any  value  of  anchor  displacement  at  small  element  strains  up 
to  general  failure. PUTURE  WORK 
ýIhe  followin-  recommendations  are  made  for  future  work: 
Model  tests  by  the  author  have  shown  that  the  effect  of  suction  below 
the  anchor  plate  increases  the  amount  of  load  to  cause  ultimate  failure 
-.  of  the  soil.  This  suction  effect  will  in  general  be  relevant  in  the 
case  of  high-m-ast  footings  in  saturat,  cd  clays  although  there  will  be 
'no 
suction  effect  in  the  jacking-out  situation.  Further  model  tests 
in  purely  cohesive  soils  could  be  carried  out  to  examine  fully  the 
effect  of  suction  below  the  anchor  plate., 
2.  The  finite  element  program  could  be  further  developed  in  order  to: 
(a)  simulate  actual  stress-ctrain  curves  for  soil  in  both 
compression  and  tension; 
(b)  take  into  account  crackincy,  in  the  soil;  Cj 
(c)  predict  local  tyres  of  failure  in  the  soil. 
Future  finite  element  programs  runs  could  be  uned  to  examine: 
(a)  the  effect  of  varying,  values  of  Poisson's  ratio  on  the  program 
results; 
(b)  the  effect  of  the  roughness  of  the  anchor  on  the  pro.  ",  rom  results. 
1 
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138 APPENDIX  A 
DEMIVATION  OF  CURVES  ILLUSMTING 
THE  EFFECTS  OF  SOIL  LBIGHT 
ON  571M,  TOTAL  ULTHMATE  UPLIFT  RESISTANCE 
PIMICTI-M  BY  VESIC'S  (1963  and  1965) 
SHALLOW  AND  DEL?  ANCHOR  MORIES 
A  3-  Vesic  Is  Shallow  Anchor  Theory_(2.2.  Dl 
The  value  of  predicted  by  Vesic's  Shallow  Anchor 
'Theory 
for  purely  cohesive  soils  was  given  in  Table  2.1: 
.p 
c/e3  D  Fb  + 
9D 
,  3l) 
c/iß  Fc  +  ß/ 
From  the  derivation  of  Vesic's  equationt  it  is  known  thatt  in  a 
Purely  cohesive  soil,  the  factor  F?,  is  a  function  of  the  weight  of 
the  soil  contained  within  the  slip  failure  surfacet  excluding  the 
weight  of  soil  contained  in  the  hemisphere  of  diameter  equal  to  the 
anchor  plate  above  the  anchor  plate. 
13/3D  is  a  function  of  the 
weight  of  soil  contained  in  that.  hemisphere.  The  factor  F,  is  a 
function  of  the  area  of  the  slip  failure  surface  and,  consequently  a 
functiýon  of 
From  Vesic  (1965):  when  005  and  95  0,  then  Fc  1-76 
and  F,  ý  0.33 
Therefore,  1-  76  c  -z3  +  o-67 
0-5- 
/y, 
9o 
4-  3  '52  'J3  (A-ZA) 
When  D/B  =  1.5  and  0,  then  Fc  6.12  and  F7  0.70. 
Therefore, 
PD6  2-  cle  Eý  4  0-78  +  0-= 
103( 
4-08  C&I  B+  (A.  2-13) 
139 In  ecunt!  crr  A.  2,  #.  he  v-3luo  I  reprrsents  the  effect  of  the  unit  weight 
or  the  :  oil  on  the  vulue  of 
I-A  D  and  -.,.  e  terms  3-52-  cl/93B  and 
s 
-0  a  C/f  -.  Crrcý-cnt  e.  (.  efrcc**  of  the  soil  cohesion  on  the  value 
3 
Of  NAr5D  -,  hi3,  in  order  to  calculate  the  percentaUge  contri- 
lution  of  soil  veitht  to  the  total  Ultimate  uplift  resistance  as  a 
function  of  C/f3B  ,  as  exi-n  in  Y19-3-1,  the  following  equations 
vere  ured: 
rercenta,!  v  ccntrituticn  of  coil  (A-:  5A) 
uetzht  tr,  total  ultir-ste  uplift  0-5)  lcc,  , 
resistar.  ce 
5-ý  c/,,  13  + 
Percentare  contritution  of  coil  100%  (A.  5  B) 
weltht  tek  Ow  ultimate  uplift  1-5) 
reristal-ce 
4-09  C/Y 
. 
3B+I 
A.  2.  'rep"  Ar--I-cr 
TMe  value  of  111/tBD  predicted  by  Vesic's  Deep  Anchor  "Ibeory  for 
PurClY  cohesive  coils  %us  given  in  Table  2.2: 
IL/b 
D'%.  D( 
Fc.  +  1)  +  F-T,  ---- 
(A-4) 
T  In  a  Nrely  cctxsive  soil,  the  factor  9F  is  a  function  of  the  weight 
of  tý'e  11011  atove  the  anchcr  plate.  The  factor  is  a  function  of 
tho  elastic  and  cehe3lye  prorerties  Of  the  soil  and  the  value  I  in 
09"tion  AA*  represents  the  effect  of  cohesion  on  the_  wedge  of  soil 
%hict,  tho  theory  predicts  will  t*  formed  above  the  anchor  plate. 
FTCt%  yesic  (1963  and  1965)-*  vhen  Ir  20,0.02  and  95 
-  09  t)--On  F,  -  4.1  and  F1  -  1-0- 
'IýOrcforo.  qýSD  (A-SA) 
5001,0.0  and  FS  0,  then  0.7  and  F  l.  o.  T, 
q*7  Thereforeq 
3D 
+ 
In  Omatlon3  A.  5,  tv*  value  I  represents  tho  effect  of  the  unit  weight 
of'  tý,  O  toll  un  tt.  o  value  or 
134,  D  and  5-1  C/jD  and  9*  7-  c/-,,  f) 
2'er'"'tOnt  tho  effect  cf  the  soil  cohesion  on  the  value  of 
Tru*,  in  order  to  Culculate  t1je  percentage  contribution  of  soil 
%,  "Cight  to  t1to  jot.,  al  ultir-.  1te  uplift  resistance  as  a  function  of  CA(  D  3 
140 as  shown  in  Fig.  3.2,  the  following  equations  were  used: 
percentage  contribution  of  soil  Ir 
=  20,0 
weight  to  total  ultimate  uplift  =  0.02)  100  '0  (A.  1,  A) 
resistance  5-1  Cly,  D+1  3 
percentage  contribution  of  soil  0 
weight  to  total  ultimate  uPlift 
resistance 
(  Ir  -  500 
100yo  A=0.0)  -7  Clyß  D  -f  1-- 
(A-6B) 
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DETAILS  OP  ELECTRICAL  AlD  ELECTRONIC  EQUIP1,  M  AND  SUPPLIERS 
OF  SCILS  USED  IN  THE  UPLIFT  RESIST 
. 
ANCE  140DEL  91ESTS 
B.  l.  Details  of  Motor,  Gearbox  and  Converter  used  in  thp  Displacement- 
Controlled  Uplift  Resistance  Tests 
Motor.  Hoover  Mark  IV  Motor,  sin  0 
le  phasep 
delivering  I-  hp  at  1425  rPm* 
Supplied  by  Hoover  (Electric  Motors)  Ltd. 
Gearbox.  Radicon  Gearbox,  reduction  ratio  60:  1. 
Supplied  by  David  Brown  Industries  Ltd. 
Converter.  Produced  1  mm  vertical  displacement 
per  15.6  revolutions. 
Supplied  by  Wykeham  Farrance  Engineering  Ltd. 
]3.2.  Details  of  Transducers  and  Relqtcd  Power  Supplies 
Load  Coll.  Statham  Gold  Cell  with  Load  Cell  Accessories 
of  5  lbo  20  lb,  100  lb  and  500  lb.  Input 
5  V,  output  16  mV/V,  non-linearity  and 
hysteresis  less  than  +  0.25  per  cent  of 
full-scale  range. 
Supplied  by  Statham  Instruments  Inc. 
Load  Cell  APT  stabilised,  d.  c.  power  supplyl 
Power  SUPDly.  model  SCV  10,  supplying  5Vd.  c.. 
Supplied  by  APT  Electronic  Industries  Ltd. 
Displacement  Linear  Variable  Displacement  Transformers, 
Transducers.  input  24  V  d.  c.  9  maximum  output  dependent 
on  size.  Linearity  1  0.5  Per  cent  of 
full-scale  ranae. 
Number:  5  to  measure  displacements  up  to  25  'am 
3  to  measure  displacements  up  to  50  mm 
I  to  mpasure  displacements  up  to  125  mm. 
Supplied  by  Electro  Mechanisms  Ltd. 
Dis-nlacoment  Type  PS  24D  -  12A. 
Transdiicpr  Twelve  channels,  output  24  V  d.  c.  9  converted 
Power  Supnly.  output  from  transducers  into  mV  range, 
maximum  200  nV.  Had  gain  control. 
Supplied  by  Electro  Mechanisms  Ltd. 
This  type  of  power  supply  and  displacement  transducer  was  tested 
by  Irwin  (1968)  at  the  Road  Research  Laboratory  and  found  to  bo 
generally  satisfactory. B-3-  Details  of  Data-Logging  Sys  tem 
Voltneter  and  Pata  The  output  from  the  transducers  was  recorded 
Transfer  Unit.  on  a  Solartron  Digital  Voltmeter  Model 
111  1450  and  controlled  by  a  Solartron  20 
channel  Data  Transfer  Unit. 
Supplied  by  Solartron  Electronic  Group  Ltd. 
Printing  and  Punch-  Data  Dynamics  Teletype  no-  33  unit, 
ing  Equipment.  incorporating  a  typewriter  printer  and 
eisht-hole  Puncher  unit. 
Supplied  by  14estrox  Co.  Ltd. 
Details  of  Suppliers  of  Soils 
Pulbent  150.  Supplied  by: 
Pullers'  Earth  Union  Ltd,, 
Patteson  Court, 
Redhill,  Surrey. 
Payles  Blue  Clay.  Supplied  by: 
Pike  Bros.  Fayle  and  Co.  Ltd., 
Warehamp 
Dorset. 
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DETAILS  OF  HEISIMI-IMIT  OF  STPFITGTI-I  TESIS 
C.  1.  Laboratory  Vane  Test 
The  vane  testing  machine  was  manufactured  by  Wykeham  Parrance 
C) 
Engineering  Ltd.  The  vane  employed  was  -I-  inch  (12 
2  .7  mm)  high  by  ý 
inch  (12.7  mm  )  in  diameter,  and  had  four  separate  vanes.  The  machine 
was  powered  by  a  small  electric  motor  which  rotated  the  torque  spring 
attached  to  the  vane  at  approximately  0.06  rpm.  By  using  a  vane  with 
an  extended  shaft,  it  was  possible  to  perform  vane  tests  on  samples 
in  the  uplift  resistance  boxes  at  any  depth  and  in  any  position  in  the 
box.  On  average,  between  six  and  eight  vane  tests  were  conduated  in 
each  box  prior  to  testing.  Table  4.2  showed  the  average  values  of 
vane  shear  strength  for  each  batch  of  clay.  The  coefficient  of 
variation  of  the  strengths  of  the  six  to  eight  tes.  ts  per  box  was  in 
general  between  2-5  and  5  percent. 
C.  2.  Triaxial  Comprcssion  Tests 
All  of  the  triaxial  tests  were  conducted  on  a  standard  triaxial 
testing  machine  manufactured  by  Wykeham  Farrancc  EnSaineering  Ltd. 
Each  of  the  samples  tested  was  1-1-inches  2 
(38-1  MM)  in  diameter  and 
3  inches  (76.2  mm)  long.  To  minimise  friction  between  the  piston  and 
the  bush  on  the  top  of  the  cellv  a  standard  rotating  bush  was  employed. 
Because  of  the  very  low  values  of  strength  being  mcasuredl  a  five 
pound  or  twenty  pOUnd  Statham  Load  Cell  was  used  instead  of  a  proving 
ring  to  obtain  greater  accuracy.  It  was  found  that  the  weight  of  the 
Piston  and  attachments  coiild  account  for  a  considerable  proportion  of 
the  total  load  at  failure  in  the  weakest  samples,  and  consequently  a 
universal  joint  was  developed  to  join  the  top  end  of  the  piston  to  the 
load  cell  in  order  to  prevent  the  piston  resting  on  the  sample  before 
the  test  commehced.  In  all  of  the  tests,  the  rate  of  strait)  in  the 
sample  being  tested  was  0.060  mn,  /mm  per  minute. 
1144 A.  Tests  in  Glybon 
Series  of  triaxial  test  samples  were  prepared  after  approximately 
every  five  uplift  xesistance  tests.  This  resulted  in  one  series  of 
tests  on  batch  no.  1  glyben,  three  series  of  tests  on  batch  no.  2  glybeng 
four  series  of  tests  on  batch  no,  3  glyben  and  two  series  of  tests  on 
batch  no.  4  glyben.  Each  series  of  tests  consisted  of  the  order  of  7r) 
six  samples.  Table  4.2  showed  the  average  values  of  undrained  shear 
strength  for  esch  batch  of  -,  Iyben.  The  coefficient  of  variation  of  the 
strengths  of  the  samples  in  the  various  series  of  tests  ranged  from 
7.5  to  15  percent.  The  "layered"  sample  blocks  were  made  up  in  6  inch 
(152.4  mm)  concrete  cube  moulds.  For  batches  2t  3  and  4,  the  samples 
were  trimmed  from  the  blocks  and  for  batch  no.  1  the  samples  were 
extruded  from  thin-walled  tubes  which  had  been  inserted  into  the  blocks. 
Lhe  "non-layercd"  sample  blocks  were  prepared  in  the  same  manner  as  the 
"non-layered"  core  for  the  uplift  resistance  tests.  The  majority  of 
the  triaxial  tests  were  on  "layered"  samples  since  the  majority  of  the 
uplift  resistance  tests  were  on  "layered"  samples. 
A  separate  series  of  undrained  tests  in  batch  no.  2  glyben  were  also 
conducted  to  confirm  Mayfield's  (1963)  findings  that  glyben  was  a0 
0  ma-Verial  under  varying  values  of  cell  pressure  in  the  undrained 
condition.  The  results  of  this  series  of  tests  showed  clearly  that  this 
was  the  case.  All  of  the  subsequent  tests  were  undrained  and  conducted 
at  zero  cell  pressure  and  without  rubber  membranes. 
B.  Tests  in  Modifipd  Granpemmith  Clay 
The  blocks  of  modified  GranEemouth  clay  for  triaxial  tests  were 
prepared  by  the  same  method  as  the  "layered"  glyben  blocks  and  the 
CamPles  vere  trimmed  from  these  bloC'ýs.  An  initial  series  of  undrained 
tests  were  conducted  to  ascertain  that  the  material  possessed  no  in- 
ternal  friction  in  the  undrained  condition.  The  tests  were  conducted 
on  six  samples,  two  at  zero  cell  pressuret  two  at  a  ýell  pressure  of 
essuro  of  approx-'ý  T/ 
2 
and  two  at  a  cell  p'r'e 
'Gý  0  -a  arrroximately  100  kI  M  imntely 
145 200  kjj/m2.11o  difference  in  the  strength,  or  manner  of  yielding  of 
these  samples  was  found. 
Two  series  of  undrained  tests  with  six  samples  in  each  series 
were  subsequently  performed  at  zero  cell  pressure  and  without  rubber 
membranes.  Table  4.2  showed  the  rcsultina  average  values  of,  undrained 
shear  strength  of  the  modified  Grangemouth  clay.  The  coefficient  of 
'variation  of  the  strengths  of  the  samples  in  both  series  of  tests 
were  of  the  order  of 
Tens  ! 
-on  Test,,; 
T Ihe  tension  aT)paratus  developed  by  the  author  was  simple  in  con- 
_qept 
and  ivas  designed  to  provide  values  of  the  unconfined  strength  of 
.,  ýndrained  samples  of  clays  in,  tension.  A  photograph  of  the  apparatus 
is  shown  in  Fig.  C.  l.  The  samples  were  tested  on  a  standard  Wykeham 
Parrance  triaxial  frame  at  a  rate  of  0.060  mm/M  per  minute,  using  a 
five  pound  Stathara  Load  Cell  to  measure  the  load  on  the  samples.  A. 
Viel-I  of  a  typical  sanple  and  its  attachments  is  shown  in  Fig.  C.  2. 
The  cample  had  an  averago  length  of  4  inches  (101.6  mm)  with  end  - 
. 
diameters  of  2-ý  inches  (63.5  mn)  and  a  narrowdd  central  portion  of 
diameter  I!  -  incles  Of  the  76.2  mm  len-th,  the  end  portions  2  (38 
-1  mm)  - 
were  each  25.4  mm  lonca),  and  the  central  portion  was  also  25.4  mm  long. 
T  Me  remainder  of  the  length  was  usý'd  in  transitions  between  the 
differing,  diameters.  The  samples  were  trimmed  carefully  with  a  fine 
wire  saw  and  straight  edge  on  a  soil  lathe  which  had  been  constructed 
to  produce  the  appropriate  shape  of  sample.  Care  was  taken  not  to 
deform  the  sample  during,  trimming  and  to  ensure  that  the  transitional 
faces  between  the  wide  top  and  bottom  sections  and  the  narrow  central 
section  of  the  sample  were  well  rounded  at  their  top  and  bottom 
corners  to  prevent  unnecessary  stress  concentration.  The  top  end 
PO.  rtion  of  the  sample  fitted  neatly  into  a  thin-walled  aluminium 
cylinder  with  one  closed  end,  which  was  attached  by  a  universal  joint 
to  a  rod  connected  to  the  load  cell.  The  base  end  portion  of,  the -sample  fitted  into  a  similar  alullinium  cylinder  which  was  attached  to 
Ahe  base  plate  of  the  testing  frame  The  sample  was  firmly  hold  inside 
these  aluminium  cylinders  by  split  sO'Ctions,  'of..  c_urved  aluminiumq 
moulded  to  the  shape  of  -the  transitional  portioný  and,  clamp.  ed  to  the 
aluminium,  cylinders  by  Jubilee  Clips,  as  shown  in  Fij,;.  C.  2.  -Great 
care  was  taken  to  ensure  that  the  sample  was  centralised  in'the  loading 
frame  to  prevent  the  creation  of  bending  momen'ts'in  the  sample. 
Two  samples  of  batch  no.  4  "layered"  glyben,  two  samples  of  batch 
;  Do.  '4  "non-layered"  glyben  and  two  , samples  of  modified  Grangemoutfi  clay 
were  tested  in  the  apparatus.  Each,  pair  of  samples  gave  consistent 
results  and  the  values  of  tensile  strength  for  each  type  of  clay  were 
shown  in  Table  4.2.  The  failure  p1pnes-were  always  approximately 
-horizontal  and  always  occurred  either  just  above  the  bottom  or  just 
ý,  below  the  top  of  the  narrow  portion  of--,  the  sample,  which  suggested 
that  some  stress  concentrations  existed"in  these  areas  despite  attempts 
to  eliminate  them  by  rounding-the  transition  edges..  A  plan  view  of  the 
,: 
failed  cross-sections'  are  shown  in  photographs  in  Fig-`C-3  and  are 
discussed  in  chapter 
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Cd APPENDIX  D 
D,  '-,  'TAILS  OF  VOLTRIE  CHANGE  TESIS 
The  volume  change  apparatus  involved  a  standard  triaxial  testing 
framet  perspex  cell,  and  volum  ,eIcI  hang  ,e  indicator  of  the  single  burotto 
tYPe,  Manufactured  by  I-lykeham  Farrance  Engineering  Ltd.  The  method  00 
used  is  described  by  Bishop  and  He  - nkel  (1957).  The  volume  chanj;  e 
indicator  read  to  an  accuracy  of  0.  'l'cc  which  allowed  volume  changes 
, Df  approxirrately  0.006  p'e'r-c'ent  'of  the  volume  of  the  4  inch  (iol.  6  mm) 
diameter  by  8  inch  (203.2  mm)  long'  samples  to  be  measured.  The  call 
P-ressures  which  were  applied  to  the  samples  ranged  from  7  kjT/M2  to  0 
55  kN/m  2. 
The  rateý  of  testing  to  find  the  volume  change  due  to 
deviatoric  stress  was  0.060`ra'n/nun  per  minute.  The  perspox  cell  which 
was  'used  in  the  tests  ims  calibrated  for  various  cell  pressures  before 
the  samPles  were  inserted.  It  was  found  thatj  because  of  the  con- 
structicn  of  the  cells  it'  was  impossible  to  remove  the  air  buljblcs  which 
were  not  displaced  from  the'very  top  portion  of  the  cell  when  the 
cell  was  being  filled'with  de-aired  water.  Care  was  therefore  taken 
U 
to  ensure  that  the  volume  of  air  in  the  cell'  during  the  actual  volumo 
change.  tests  was  similar  to  that  in  the  cell  during  calibration. 
One  sample  of  batch'noo'3  "layered"  glyben  and-  one  sample  of 
modified  Grangemouth  'clai'were  tested.  The  101.6  nn  x  203.2  mm  samplo 
of  glybon  was  trimmed  from  a  block  of  Slyben  which  was  compacted  in 
the  Uplift  resistance-box  of  base  300  mm.  square.  The  101.6  mm  x  203.2 
mm  sample  of  modified  Grangemouth  *  clay-,  vas  compacted  in  two  six  - 
inch  concrete  cube  moulds  which  were  clamped  one  on  top  cf  the  other. 
4.11  showed  the  volume-cliange,  in  the  samples  due  to  variations  of  Cý 
cell  Pressure.  Yegligible.  volume  change  occurred  I  in  the  samples  when 
the  deviatoric  stress.  was  applied. 
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D-ZSCRIITIOIT  OF  FIITI7E'  ELTEENT  PROGRAM 
The  elastic-plastic  finite  element  program  which  was  develo  ed 
1  1.1  1  "0  -IIP 
cýFiginally  by  Dr.  I.  M.  Smith  was'a.  plane  stress  proaram. 
'_Dr. 
Sraithy 
with  the  assistance  of  the  author,  qdapted  this  program  to  the  axi- 
SYmmettric  case.  The  program  "had  then  to  be  further  adapted  by  the 
tauthor  for  use  in  the  uplif  t  resistance  problem  as  follows: 
(a)  larrge  values  of  s-tiffnes's,  were  added  to  the  structural  stiffness 
Vector  and  equivalent  values  were  added  to  the  force'vector  to 
simulate  displacement  of,  the  rigid  anchor  as  described 
in  section  E.  6; 
a  Procedure  which  calculated  the  residual  loads  was  added  (section 
E-7); 
(C)  a  Procedure  which  calculated  material  self-weight  stresses  ues 
added  (section  E.  10); 
(d) 
'a 
Procedure  which  calculated  the  load  adjustment  factor  was 
added  (section  E.  12);, 
(e)  Procedures  which  calculated  the  anchor  loads  were  added  (section 
E-15); 
-. 
(f)  a  procedure  which,  calculated,  the  magnitudes  and  directions  of  tho 
Principal  stresses  in  each  element  was  added.  (section  E.  16). 
In  addition,  the  procedu're  which  generated  the  co-ordinates  and 
degree  of  frcedom  numbers  for  each-element  was  substantially  modified 
to  take  account  of  the  mesh'es'-employing  varying  -  'eloment  dimensions  and 
to  take  accojint  of,  the  separate,  anchorplate  nodes. 
In  this  appendix,  "a'description  of  the  mai  n  features  of  the  finito 
element  program  uhich'wasý'used'in  the  uplift  resistance  analysis  is 
given-  The  oider  in  which  the  features  are  described  correspondsto  tho 
order  in  which  they  appear  in  the  flow  chart  which  is  included  inside 
the  back  cover  of  this,  the-sis.  In  gone  ral,  the  various  functions  and_-' 
149 relationships  which  were  used  in  the  program  will  be  outlined  but  not  Q 
proved. 
Elastic  Stress-Strain  Matrix  [DI 
The  elasticity  matrix[D]  which  relates  the  elastic  strains  ýfj 
to  the  elastic  stresses  ja-3  in  the  axially  symmetric  case  is: 
Z"  Z-  rz. 
Where  0  I-V 
ED]  FLO  V)  0 
S,  ýmmetric  I-  2v 
0 
..  6.  .  (E.  1) 
..  --  (F-.  2) 
Equations  B.  1  and  E.  2  show  that  the  values  of  elastic  stresses  which 
correspond  to  given  values  of  elastic  strains  are  directly  proportional  . D, 
to  the  value  of  elastic  modulus  E  abd  dependent  ont  but  not  directly 
proportional  to,  the  value  of  Poisson's  ratio  V 
E.  2.  Derivation  of  the  Isoparametric  Ouadrilateral  Element 
In  the  investigation,  isoparametric  qualrilateral  elements  were 
chosen.  Although  the  elements  are  termed  quadrilateral,  it  must  bo 
romeinbcred  that,  in  theýaxi-symmetric  caset  the  elements  are  in  fact 
toroidal  solids  of  revolution  which  are  quadrilateral  in  section. 
Each  of  the  four  nodes  possessed  tuo  degroes  of  freedom  at  each  node, 
i.  e.  radial  freedom  (Lk  )  and  vertical  freedom  (V)  as  shown  in  Fig. 
E.  l.  The  displacements  S 
of  each  node  had  therefore  two  components: 
LLý 
r.  LI 
where  L  equals  the  number  of  the  node  of  the  element. 
150 If  the  quadrilateral  illustrated  in  Fig.,  E.  1  is  considered  to  be 
a  rectangle  and  if  each  component  of  displacement  varies  in  a  linear 
manner  along,  each  side  of-the,  element,  then-continuity  of  displacement 
0 
'Of  all  points  on  the  element  sides  common  to  adjacent  elements  will  be 
ensured.  However,  when  a  quadrilateral  element  is  substituted  for  the 
rectangle,  the  displacement,  of,  the  points  on  the  sides  of  the  quadri- 
lateral  element  will  not  in  general  vary-linearly  with  the  general 
co-ordinates  r  and,  Z,.  -.  If,  the  general  system,  of  co-ordinates  is 
replaced  by  a  local  co-ordina'te  system  in  terms  of  rI  and  z 
as  shown  in  Fig.  E.  1,  continuity,  and  linear  variation  of  displace  M-onts 
along  the  sides  of  the-  quadrilateral  element  will  be  maintained. 
The  shape  function  N  relates  the  posi  tion  of  any  point  (rz 
within  the  elemcntto  the  positionslof  the  nodal  points  of  the  element. 
The  shape  function  used'in,  the  program  can  be  expressed  as: 
r  NZ  r,  ý  WS  rj',,  +  Nk  r  N.  -  r  k  (E.  4 
zN  zjf  N 
k-  zz  ZL  k 
Where 
NC  7- 
IZ 
N+ 
k 
Z' 
This  is  a  linear  co-ordinate  transformation. 
The  displacementfunction  relates  Ahe  displacement  of  any  point 
LL  ir)  within  the_elemeýts  to,  the 
'displacement 
of  the  nodal,  pointa  of 
the  element.  The  linear  , 
quadrilateral  eleýent  displacement  function 
L"I 
used  in  the  program  can  be  defined  as: 
LL  rA  UuNu  L3  Uj  kk 
+  Nj  Lr.  +N4  -Lrk 
V,  bere  the  displacement  functions  and  the  shape  functions  arc  the  CnamO, 
-151 -a  the  element  is  termed  isoparametric.  Although  the  elements  which  were 
i 
derived  in  the  program  were  quadrilateral  clementsp  the  elements  of 
the  meshes  used  for  the  uplift  resistance  problem  were  rectangular 
elements,  i.  e.  a  simplified  form  of  the  general  quadrilateral  element. 
E-3-  Strair-Displacement  'Matrix  IB3', 
The  matrix  L13] 
,  which  relates  the  strains  f  63  at  cny  point 
within  the  element  to  the  displacements  [63  at  any  point  within  the 
element,  is  expressed  in  the  axi  -symmetric  case  as: 
UL 
r  VL 
US 
"k 
' Vk 
c 
LN  C.  0 
II, 
6r  -  LN  L 
0-, 
,  ()  7' 
LNC 
.. 
LNJ 
c)r' 
C) 
0....  . 
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LN 
0 
äN4 
c)  r 
0  w 
r 
0 
0  0 
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ý  07Z7  sb, 
dr 
N3  0  -fAk 
0  Ile  01 
This  relationsilip  will  only  hold  good  if  the  displacements  are 
small...  Since  IU  ha  s  been  defined  as  a  function  of  IN3  in  terms  of  tho 
local  co-ordinates  r  in  order  to  cbtain  IB3  in  tOrM3  of  the 
general  co-ordinates  r,  7-  the  Jacobian  transformation  natrix 
must  be  used: 
ar  C)  Z 
c)r  6r  r( 
;  r-  ýz  C)  I 
6r 
C) 
TZI 
Tr 
6 
TZ 
0.  (F.  18) 
152 E.  4.  Element  Stiffness  Matrix  EKPJI 
The  total  stiffness  of  the  element  is  given  by  the  integral: 
[KMI  ::  --  ,  3,,,  r  IDII 
-B 
I  ck  (el.  -vot.  ) 
felement 
Vol.  , 
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in  the  axi-symmetric  case.  Since  the  exact  integration  of  a  quadri- 
lateral  is  time-consuming  and  subject  to  programming  erroreq  a  C.  3  O.  J 
numerical  integration  using  the  Gaussian  quadrature  formulae  was 
employed.  A  detailed  description  of  these  formulae  can  be  found  by 
reference  to  Kopal  (1961).  In  the  numerical  integration,  the 
stiffness  of  each  quadrilateral  element  is  evaluated  at  each  of  the 
nine  points  shown  in  Fig.  E.  2  and  the  results  from  these  nine  points 
a  re  added  together  to  obtain  the  overall  element  stiffness.  Since 
each  quadrilateral  element  has  eight  degrees  of  freedomp  the  element 
stiffness  matrix  will  be  an  8X8  matrix. 
Structural  Stiffness  Vector  ý13KJ 
After  the  element  stiffnesses  for  all  of  the  elements  in  the  mosh 
have  been  calculated,  they  are  combined  together  in  the  structural 
stiffness  vector  [131ý3'.  The-  struc*tural  stiffness  vector  is  normally 
in  the  form  of  a  matrix.  Since  this  matrix  is  always  symr.  mtrical  and 
banded,  thb  upper  triangle  only  is  stored  as  aE  Nx  Cur+  03  matrix, 
where  N  is  the  total  number  of  degrees  of  freedom  in  the  mesh  and  ar 
is  the  half-band*width  of  the  matrix.  However,  for  ease  of  mtorago  in 
this  program,  this  matrix  is  converted  into  a  vector  in  which  there 
are  N  1c  c-r+-  I)  terms. 
Nodal  Loads  and  Displacements 
From  considerati  on  of  mi  nimum  potential  on  orgy  concepts,  the 
relationship  between  the  radial  and  vertical  forces  F  which  are 
applied  to  the  nodes  of  the  mesh,  and  the  xesultinr.;  diriplticoments  can 
be  expressed  as: 
153 1 
13K1 
where  N  equals  the  total  number  of  degrees  of  freedom  in  the  mesh. 
Loads  are  added  to  specified  nodal  degrees  of  freedom,  and  to  calculate 
the  corresponding  displacements'at  there  degyrees  of  freedomf  N 
simultaneous  equations  must  be  solved.  In  this  program,  the  Gaussian 
elimination  technique  is  employ'ed  to  solve  these  equations. 
In  the  uplift  resis'tance  'problemg  the  anchor  plate  uras  considered 
I  to  be  rigid,  which  required  that'all  vertical  displacements  of  the 
nodes  which  represented  'the'anchor  plate  were  required  to  be  identical. 
To  achieve  this,  very  laýge  values'  of  stiffness,  of  the  order  of  jo5 
to  107  times  the  stiffness  'for  the  soil,  zwere  incorporated  in  the 
leading  diagonal  of-the  structural  stiffness  matrix  (vector)q  in 
Positions  which  corresponded-to  te  vertical  degrees  of  freedom  of 
the  anchor  plate  nodes.  'The'  corresponding  terms  in  the  forco  vcctor 
were  given  the  same  larg"values,  ýmultiplied  by  the  required  displace- 
ge 
ment'  of  the  anchor  plate.  ""',  This  ensured  that  the  vertical  displacements 
of"  the  anchor  nodes'were  always  those  prescribed,  whilst  cquilibri= 
at  the  nodes  and,  complete,  compatibility  overall  wore  maintained, 
Rosiduals 
In  order  to  check-'that  the  Gaussian  elimination  procedure  wan 
working  correctly  and  that  the  structure  represented  by  the  mesh  and 
the  resulting  simultancous'equations,  wore  well-conditioned,  a  procedure 
to  calculate  the-residua  1  loads'was  incorporated  in  the  program.  These 
residual  loacts  indicated  any  error-,  in  thcýGaucsian  elin.  inatiod 
Procedure  or  anyýill-Condiiioning'of'the  structure  and  were  calculated 
154 by  substitutin"  tI-c  nodal  displacements  obtained  frnm  equation  E-10 
U 
back  into  equation  E.  10  to  obtain  the  values  of  the  termm  in  the 
force  vector.  These  values  were  subtractedfrom  the  original  values 
in  the  force  vector  and  the'remaininfg,  values  in  the  force  vector  which 
;  8. 
should  tl-.,  eoretically'have  been  zero,  were  termed  residual  loads. 
In  the  uplift  resistance  prouam,  the  values  of  the  residuals  obtained 
were  of  the  order  of  10-11'  to  10-13.  These  very  small  values  indicated 
that  no  errors  were  present  in  the  Gaussian  elimination  procedure  and 
that  the  structure'  was  well-conditioned.  Residual  loads  were  calvilated 
for  the  first  increment  of  load  only. 
Calculation  of  the  residual  loads  involved  storage  of  the 
structural  stiffnessývector 
t  BKJ  in  both  its  original  form  and  in 
the  form  suitable  for  use  in  the  Gaussian  elimination  procedure.  In 
order  to  obtain  enoýgh  storage  space  in  the  computer,  the  [(3K]  vector 
in  its  original  form  had  to  be  stored  on  disc  since  there  won  insufficient  Q 
storalf-e  space  in  the  core  store  of  the  KDF9  computer. 
Values  of  Element  Strain' 
Equations  E.  6  and'E.  7  crxpressed  .  the  relationship  between  strain 
at  any  point  in  the  element  and  the  nodal  displacemcnýs  of  the  element. 
In  the  uplift  resistance  program,  the  strains  at  the  centre  only  of 
each  element  were  calculated. 
E.  9.  Values  of  Elempnt  Stro-l"s 
Equation  E.  1  expressed  the',  relationship  between  the  clactic  a  trnim 
and  the  corresponding  elastic,  -stresses  at  any  point  in  0  the  element. 
Since  the  strains  -in  each--  element  were  dalculated  for  a  point  at  the 
centre  only  of  the"elemeniq  týe  corresponding  stresses  were  'also 
calculated  at  the'ýOnl'tre  only  of  the  element. 
Sign  Convention.  -Fig.  E-3  illustrates  the  sign  convention  adopted 
in  the  program.  '  Positive  signs  indicated  compressive  strcoses  and 
strains  and  ne-m-tive  sians  indicated  tensile  stresses  and  strairia.  Q  t-ý 
155 E.  10.  Stresses  dup  to  Material  Self-WfirI-lt 
The  self-weight  of  the  material  is  taken  into  account  by  including 
in  the  stress  vector  the  stresses  at  the  centre  of  each  element  duo 
to  the  material  self-weight.  Although  there  are  stresses  in  the 
material  due  to  self-weightt  the  corresponding  strains  and  nodal 
displacements  due  to  self-weight  are  not  included  in  the  program  since 
the  co-ordinates  of  each  element  used  in  the  program  are  assumed  to 
represent  the  position,  of,  the  material  after  it  has  reached  equilibrium 
under  its  own  weight.  -The  stresses  due  to  material  self-woight  in 
each  element  are: 
ýr  = 
9B 
CL 
Z 
G,  =  Ko  (rz 
r 
'C  =0 
where  d,  =  the..  depth  from,  the  top  surface  of  the  mesh  to  the 
centre  of  the  elemont 
Ko=  the  coefficient  of  earth  pressure  at  rest. 
E;.:  Ll.  Von  Misps  Yield  Strpss  Critprion 
The  Von  Mises  Yield  Criterion  for  the  axi-symmetric  case  can  -be 
expressed  in  the  form 
0-5  Pcr,  -  -: r,,  )  2"  '1-  crg  --wý 
)2  +  (a- 
-e  2'  +6 
where,  (5ý  is  the  uniaxial  stress  at  yield.  The  value  of  the  yield 
stress  in  shear  in  this  critericn  is  greater  by  a  f7actOr  of  1-155 
than  the  yield  sitroýs  in"shear  given  by  the  Tresca  Yield  Criterion. 
E;.  12.  Calculation  of  Factor  'R'  by  which  the  Initial  Increment  of  1xvid  in 
ILdjusfc-.  d  so  that  theý  "Cri  Uical"  Element  18  on  tho  Point  of  Yiold 
As  lone,  as  the'streises  a'nd  strains  in  all  of  the  elements  In 
Q 
the  mesh  are  on  the  elastic  portion  of  the  material  stress-strain  curva, 
then  the  nodal  displacenents  and  element  stresses  and  strains  will  bo 
directly  proportior,.  'al  t'O  the  magnitude  of  the  nodal  loads  (forces). 
U 
Thereforo,  in  an  incremental  loading  elastic-plontic  analyoint  it  ia  U 
desirable  that  only  the  first  load  incremont  produces  stresnen  and 
156 -strains  in  all  of  the  elements  on  the  elastic  portion  of  the  stress- 
strain  curve.  It  is  also  desirable  that  this  load  increment  be  large 
enough  to  bring  the  "critical"  element  to  the  point  of  yield.  This 
inercment  will  then  be  the  largest  load  which  can  be  applied  to  the 
mesh  in  order  that  all  of  the  elements  remain  elasticq  and  any  further 
increment  of  load,  no  matter  how  small,  will  cause  the  "critical" 
element  to  yield. 
In  the  uplift  resistance  pro.  gram,  an  arbitrary  vertical  displace- 
ment  uas  applied  initially  to  the  element  nodes  which  represented  the 
anchor.  The  values  of,  the  Von  Mises  Stress  ýr'  in  each  elementp 
corresponding  to  the  arbitrary  anchor  displacement,  were  then  calculated. 
Por  a  material  which  was  assumed  to  be  weightless,  the  factor  R  by 
which  the  arbitrary  anchor  displacement  was  multiplied  to  bring  the 
"critical"  element  to  the  point  of  yield  was: 
R  (C  13) 
Max 
where  the  specified  Value  of  Von  Hiscs  Yield  Stress 
a-  the  value  of  Von  Miscs  Stress  in  the  "critical" 
Max 
element  due  to  the  arbitrary  displaccment. 
Por  a  material  which  possessed  ýself-weightq  the  factor  R  had  to  bo 
found  by  the  solution  of  a  quadratf7c  equation,  since,  although  tho 
stresses  in  the  elements  due  to  the-applied  loading  were  proportional 
to  týat  loadingt  the  stresses  due  to  self-weight  in  etch  element  were 
constant  and  independent  of  the  magnitude  of  the  applied  loading. 
E.  13-  Elastic-Plastic  Stress-Strain  Matrix  [DPLQ 
In  Section  I  E.  1  ,  the  ..  elasticity  matrix  ED)  which  related  the 
elastic  strains  to  the  elastic  stresses  in  the  material  was  presented, 
Yamada-et.  al.  (1968)-derived:  explicitly  the  equivalent-ýplastic  stress- 
strain  matrix  LD'ýLj  for  a  Von  Hises  material  in  the  general  three- 
dimensional  case.  -  This  equation  was  adapted  by  the  author  for  the 
axi-symmetric  case  in  a  linear  elastic,  non-strain  hardening  plastic 
157 , 
naterial,  of  the  type  illustrated  in  Fiag.  E-4.  Hence: 
(rr  C-r 
DPLI 
wkere 
[DPLI  ==  ED3  -,  FAC  CPL3 
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*cr.  '  e,  'r, 
02 
11ýp 
in  which  the  dashes  stand  for  deviatoric  stresses,  i.  e.: 
M. 
Me  coefficient  FAC  is  a  factor  which  reduces  the  effect  of  the 
plasticity  part  EPL.  of, 
i the  CDPL.  3  matrix  if  the  load  increment 
brings  the  value  of  Von  Mises.  Stress  in  an  element  on  to  the 
Plastic  portion  of  the  stress-strain  curve  from  a  point  on  the  elastic 
POrtioý  of  the  curve,  i.  e.  the  relationship  between  the  stresses  and 
strains  which  are  on  the  elastic  portion  of  the  streso-strain  curve  is 
governed  solely  by  the  elasticity  matrix  LD3  and  only  when  the  stress 
in  the  element  ha.  9  reached  a  value  of  crn  is  the  relationship  govornod, 
by  EDPL_l 
.  If  the'ýtre'sses  in  the  element  were  on  the  plastic  portion 
of  the  stress-strain  curve  before  the  load  increment  occurredt  then  tho 
value  of  FAC  would  be  unity. 
B.  14.  "Initial  Stress  a  Process  for  Redistributing  Out-of-Ralnneq  Stresses 
A  complete.  desoription  of  this  process  which  wan  developed  by 
Zienkiewicz,  Valliappan  and  King  (1969)  is  given  by  Fxaeor  (1971). 
The  process  is  illustrated  in  Fig.  E-4  and  described  brinfly  in  tho 
150 follcwin-  paragraphs.  uu 
Equation  E04  can  be  expressed  in  the  incremental  forn: 
t-10-3 
=  EDPLI  [ctC--j  .0  (E.  14A) 
The  "initial  stress"  process  is  based  on  the  calculation  of  an 
"initial  stress"  vector  ýclo,  113 
such  that  the  incrementar  form  of 
equation  E.  l: 
[d  T3  ý[D  ct  e 
gives  equivalent  values  of 
t  C(Cr3  to  those  in  equation  E-14.  A. 
An  example  of  the  way  iý  which  this  method  wris  employed  in  tho 
uplift  resistance  program  follows.  The  stresses  in  the  "critical" 
element,  after  the  first  load  increment  (adjusted  by  footor  R)  has 
I 
been  added,  are  considered.  The  Von  Mises  Stress  in  the  element  at 
this  stage  can  be  considered  to  be  cr.  L,  I  at  point  A  in  Fig.  E-4- 
This  stress  is  termed  a'O  .  The  second  load  increment  [dF3  is  now 
added.  The  elastic  strains  due  to  this  increment  are  calculated  from: 
fc(e,  j 
=:  ý  E  133 
[cl  ý3  -*0*-  (E.  6  A) 
and  from  thist  the  elastic  stross  increment  [  CiTI'l  is  calculated: 
fcta,  13  =  LD3  [CLe,  3  0.0  (U.  IA.  VS  ) 
However,  the  actual  stress  increments  which  should  have  occurred, 
since  the  stresses  must  lie  on  the  plestic  portion  of  the  streca-atrain 
curve,  are  given  by: 
DPL3  [d  C-,  3  (E.  14A) 
The  [DPLI  matrix  ýs  given  by  equation  B-15  and  involves  values  of 
Crr  ,  Crz  ,  G,  and  -Crz  .  In  the  uplift  resistance  program,  thene 
stresses  were  taken  as  the  stresses  which  existed  in  the  element  before 
the  current  load  increment  was  applied. 
The  "initial  stress"  is  the  difference  between  the  clactic  and  total 
stress  increments  in  the  elempnt: 
(icro 
The  "initial  stresses"  which  exist  within  the  element  munt  be  bnlanced 
by  a  net  of  nodal  forces  (P3.  From  a  consideraticn  of  the  equality 
159 .  of  internal  and  external  work  on  the  element,  the  relationship  batween 
the  "initial  stresses"  and  the  resulting  balancing  nodal  loads  cali 
be  expressed  as: 
[P3  = 
ES  3'f  ota- 
I 
ot  (et.  (EF.  17) 
icielynerLt 
Vol  . 
-  After  this  procedure  has  been  repeated  for  all  of  the  elements  whIch 
have  yielded,  the  resulting,  load  vector  (  P3  is  added  to  the  external 
'  load  vector  and  the  process  to  find  the  elastic,  total  and  0  initial 
stressesn  and  the  balancing.  loads  is  repeated  in  a  second  iteration, 
After  M  iterationsg  the  values  of 
fdFrL3 
9 
faýrS,.  3 
9 
&A 
Cr  and 
P(5r  become  constant,  which  indicates  that  the  excess  stresnes  in 
thq  yielded  elements  have  been  re-distributed  to  the  non-yielded 
elements. 
In  programs  where  external  load  increments  are  added  to  the 
specified  nodes,  structural  failure  is  indicated  by  non-convorgonco 
of  the  terms  (dP,  3  (d  S  ot  and 
[ 
ot  6ý4  3 
af  ter  a  large 
number  of  iterations.  The  non-convergence  indicates  thnt  no  moro  re- 
distribution  of  excess  stresses  is  possible  in  the  ntructure,  In  the 
uplift  resistance  program,  external  displacements  were  applied  to  the 
anchor  podos.  Althoug 
., 
h  convergence  continued  to  occur  at  structural 
failure  in  this  cases  no  increase  in  the  values  of  stresses  and  atraina 
in  the  elements 
'and 
in  the  values  of  the  total  resulting  external  loado 
on  the  nodes  occurred  when  continued  increments  of  anchor  displacementc 
were  arplied. 
E-15-  Method  of  obtaining  Anchor  Loads 
Since  specified  displacementsg  as  opposed  to  loadsq  were  applied 
to-the  anchor  nodesi  the  resulting  loads  on  the  nodes  hod  to  be 
I 
calculated.  For  the  first  anchor  displacement,  when  all  of  the  clements 
were  on  the  elastic  portion  of  the  stress-strain  curveg  the  loadc  on 
the  nodes,  corresponding  to  the  nodal  displacements,  could  be  calculated 
in  the  manner  used  to  calculate  the  residual  loads: 
160 (  f--  3ý1  6K3  163  ...  (c-.  lo  tiýs) 
except  that  in  this  case,  the  large  values  of  stiffnesses  which  had  Leon 
added  to  urcscribed  terms  in  the  leading,  diagonal  of  the  structural 
stiffness  matrix,  as  explained  in  section  E.  6,  were  removed.  However, 
when  some  elements  had  yielded  plastically,  equation  E.  10  could  no 
longer  be  used  to  obtain  nodal  loads,  since  the  loads  obtained  would  be 
the  "elastic"  loads  corresponding  to  f  J3  - 
In  order  to  obtain  the  nodal  loads  corresponding  to  nodal  dis- 
placements  when  elements  had.  yielded  plasticallyv  the  author  developed 
a  procedure  which  employed  a  form  of  equation  E-17  to  relate  the  total 
nodal  forces  to  the  stresses  in  the  elements: 
F  17A) 
NODE 
Jelement 
vot. 
The  forces  on  the  I  anchor  nodeg  due  to  the  first  (elastic)  anchor 
displacement  were  obtained  by  the  two  methods  described  above,  i.  e,  by 
'10  and  by  (ii)  ecuation  E-17.  A,  and  were  compared,  Me  (i)  equation  E. 
forces  on  all  of  the  anchor  nodes,  except  that  which  represented  the 
edge  of  the  anchor  plate,  agreed  well  in  the  two  methods.  Fowovor,  the 
force  o1i  the'edge  node  obtain'ed  from  method  (ii)  wan  only  of  the 
order  of  half  of  that  obtained'from  method  (i)  in  each  of  runs  1,2  and 
3.  This  can  be  explained  as  follows.  The  element  which  supplien  the 
major  part  of  the  edge  nodal  force  is  the  "criticnl"  element.  In 
section  E.  9  it  waq,  stated  that  the  stress  in  any  element  was  token  to 
be  the  stress  which  occurred  at  the  centre  of  the  element.  In  the 
majority  of  elements  in  the  mesh,  the  stress  at  the  centro  of  the 
element  will  be  representative  of  the  stresses  in  other  parts  of  the 
element,  provided-the  elements  are  small.  However,  in  the  "critical', 
element,  large  values  of  compressive  and  tensile  normnl  streccen-nnd 
shearing  stressesýwill  occur  at  varying  points  in  the  element  nnd  the  C3  U 
stress  at  the  contre-of  the  element  will  therefore  not  be  representative 
of  the  stresses  throughout  the  element. 
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In  order  to  obtain  a  more  accurate  estimate  of  the  nodal  londs  on 
the  edge  node  of  the  anchor  plate  up  to  ultimate  failure,  the  values  U 
of  the  edge  nodal  loads  obtained  from  method  (ii)  were  rmilti  lied  by  Cj  p 
the  ratio  of  the  edge  node  loads  due  to  the  first  anchor  dis  lacerwnt  C.  )  p 
obtained  by  method  (i)  to  those  due  to  the  first  anchor  displacement 
ý  obtained  by  method  (ii).  This  is  termed  method  (iii)q  and  it  assumed 
that  the  relationship  between  the  stresses  at  various  points  in  the 
critical"  elemcnt  and  the  stresses  at  the  contre  of  the  element 
-remained  constant  up  to  ultimate  failure. 
Since  the  finite  element  analysis  predicted  a  pencral  form  of 
ultimate  failure  of  the  type  proposed  in  the  Shearing  Theory  (;.  2.  A), 
the  theoretical  value  of  ultimate  uplift  resistance  was  availablo 
and  could  be  compared  with  that  obtained  by  method  (iii)  described  in 
the  previous  paranraph.  Thnse  are  shown  in  Table  E,  I,  Q 
TABLE,  E.  J..  THEORETICAL  AND  FINITE  EIRUNT  VALUES  OFF,, 
Run  Theoretical  value 
Adjusted  finite 
Number  of  F"  element  value  of 
R&  by  mothod  (iii) 
1.5  6.0  6.19 
2  3.2  12.8  12.65 
not  continued  to 
3  5.25  21,0 
ultimate  failure 
The  values  sýown  in  Table  E.  1  sugaost  that  tho  curves  of  Fy 
U  Cta-/B 
for  runs  19  2  and  3  obtained  by  method  (iii)  and  shown  in  Fies-  5.9, 
5-109  5-11  and  5.12  depict  with  rPasonable  accuracy  the  Fv  Cla/3 
relationship  wbich  would  have  been  calculated  by  the  finite  element 
prog  ,  ram  if  an  accurate  estimate  of  the  nodal  loads  at  the  edge  of  the 
anchor  plate  could  have  been  obtained  from  equation  E.  17.  A. 
162 E.  3-6.  PrincIT-al  Stresses 
Due  to  the  syminietry  of  the  axi-syranetric  case,  the  circumftrential 
normal  stress  is  a  principal  stress.  All  of  the  remaining  Etresses 
can  be  represented  on  any  r-z.  cross-section  through  the  axis  of 
sYr-metry  of  the  mesh. 
The  values  of  the  major  principal  stresses  used  were: 
CrZ  4- 
The  =ximum  value  of  shear  stress  was: 
and  the  angle  which,,  'the  major  principal  stress  inade  with  the 
horizontal  was: 
2r,, 
_  _----- 
(C-.  20) 
Care  had  to  be  taken  with  the  sign  of  0  in  order  that  the  correct 
angle  was  computed. 
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